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INTRODUCTION

The International Symposium on Near Beam Physics was held at Fermilab September 22-24, 1997.
More than sixty physicists attended including representatives from BNL, CERN, DESY, Fermilab,
IHEP (Protvino), KEK, and SLAC.

The purpose of the symposium was to assay the current understanding of beam halo phenomena,
accelerator techniques, and diffractive physics and other experiments that operate near beams. The
emphasis was on theinterplay of these subjects, not so much on experimental results. The symposium
also apprised future possibilities and probed where additional work was useful to facilitate near beam
operation.

The introductory presentation was given by Giorgio Matthiae (Rome). Matthiae pioneered the de-
velopment of the Roman pot, one of the first devicesto run near circulating beams. He noted that de-
velopments go back three decadesin thisfield. Roman pots are now being used as adjunctsto powerful
collider detectorsto study hard diffraction processes. Another pioneering*“in-beam” technique, the use
of gasjets, wasreviewed by Mario Macri from Genoa. The history of gas jets aso goes back twenty-
five years to E36, the first experiment to operate at Fermilab. A rich tapestry of diffractive physics
issues can be attacked with these techniques. These possibilities were emphasized by Johannes Ranft
of Siegen. He described a number of interesting theoretical topicsthat could be addressed with a near
beam approach.

Michael Albrow of Fermilab reported on the recent addition of Roman pots to CDF for diffractive
studies. Andrew Brandt (FNAL) described the proposed addition of Roman potsto the DO experiment
for detailed studies of hard diffractionin Run Il a Fermilab. Carsten Hast, Klaus Ehret, and Michael
Bieler reported on the status of HERA-B, the B-physics experiment at DESY that will exploit awire
target placed near the DESY proton beam. Bieler also discussed the HERA proton collimation system
and the HERA beam diagnostic system and gave an overview of the Roman pot forward spectrometers
in operation at HERA. Dan Kaplan of 11T described plansfor BTEV at Fermilab where asimilar pos-
sibility is being discussed. Other new possibilities included the FELIX concept at the LHC reported
by Cyrus Taylor (Case-Western Reserve) and work at Fermilab proposed by Larry Jones and Michael
Longo (Michigan). These approaches seek to investigate the diffractive region in more detail.

Beam dynamicsissues were covered by Todd Satogata (BNL), Pat Colestock (FNAL), Weiren Chou
(FNAL), and Walter Scandale (CERN). While much progress has been made, the presence of non-
linearities and the difficulty of halo characterization complicate progress toward a practical under-
standing in this area. Some of the best information on beam halo is provided by experimental and
theoretical work on collimation. Collimation studies were reported by Bernard Jeanneret (CERN),
Michael Sullivan (SLAC), and Stanley Pruss and Alexandr Drozhdin of Fermilab. Michael Church
briefed the symposium on the collimation system planned for the Tevatron in the coming years.

At Brookhaven's RHIC with its heavy ion beams some of the beam dynamics and collimation issues
will be particularly intriguing. Dejan Trbojevic described the collimation considerations for the ma-
chine while Sebastian White reported on the development of a new zero degree neutron calorimeter
for luminosity monitoring that might also have applications at LHC.

Operating near an accel erator beam poses several difficult challenges. Mechanical stability isimpor-
tant. Vasily Parkhomchuk of Novosibirsk and Craig Moore of FNAL outlined some of the experience
with vibration problems. Hisayasu Mitsui (Toshiba) summarized work at KEK with Ken Takayamain-
vestigating radiation damage to near beam components. Alan Hahn and Vladimir Shiltzev of Fermilab
discussed instrumentation for beam monitoring.

By its nature, extraction requires operating near the accelerator beam. One of the interesting new
extraction developmentsis the use of bent channeling crystals. Several proposalsfor the use of chan-
neling extraction have appeared over the last severa years. Alexey Asseev presented an overall re-
view of the work at IHEP (Protvino) including their pioneering work on crystal extraction. Konrad
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Elsener reviewed the very detailed studies of crystal extraction at CERN. Thornton Murphy summa-
rized the recent 900 GeV Fermilab extraction experiment where luminosity-driven extraction wasre-
cently achieved. Vaery Biryukov of IHEP reported on theoretical investigations of the process, noting
that the efficiency can be modeled quite well.

Walter Scandale (CERN), Cyrus Taylor (Case-Western Reserve), and Nikolai Mokhov (FNAL)
closed the symposium with reviews of several broad questions. They listed some of the principal con-
cerns of experiments: halo free beams, stable orbits, luminosity measurements accurate to 2-3%, and
good collimation to reduce backgrounds. Perhapsthe ultimate criterion for bragging rightsin the near
beam field is the distance a device is from the beam in units of beam size. A survey of accelerator
practice around the world showed just how close some devices operate: crystals and wire targets are
positioned at 3.5 to 9 sigma, primary collimators at 5.5 to 8 sigma, and Roman pots at 8 to 15 sigma
from the beam axis.

Most of the participants felt the conference was extremely successful and led to many useful dis-
cussions between accelerator experts and experimentalists. It is clear that continued interactions will
result in better understanding and better performance of accelerators and improved experimental ca-
pabilitiesfor experiments operating near beams.

The Symposiumwas sponsored by Fermilab with particul ar support fromthe Beams Division and the
head of the Division, David Finley. Additional help wasreceived from KEK. The organizing commit-
teeincluded Dick Carrigan and Nikolai Mokhov along with Michael Albrow (FNAL), Alexey Asseev
(IHEP), James Bjorken (SLAC), Klaus Ehret (DESY), Alan Hahn (Fermilab), Werner Herr (CERN),
Jm Holt (FNAL), Daniel Kaplan (I1T), Peter Kasper (FNAL), Steve Peggs (BNL), Stanley Pruss
(FNAL), Alberto Santoro (L afex/Cbpf Rio), Walter Scandale (CERN), Michael Sullivan (SLAC), Ken
Takayama (KEK), Cyrus Taylor (Case-Western Reserve), and Ferdinand Willeke (DESY). The con-
ference secretaries were Marion Richardson and Cynthia Sazama. The cover was provided by Angela
Gonzales. Cynthia Crego and Dmitri Mokhov helped at some stages of the proceedings preparation.
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Near Beam Physics— Introductory
Prospect

G. Matthiae
Universitadi Roma |l and Sezione INFN, Roma, Italy

Abstract

The near beam experiments make use of the techniquein-
vented at the CERN ISR about 25 years ago to study elas-
tic scattering at small angles with detectors very close to
thecirculating beams. Thetechniquewasfurther developed
at the SPS collider, at HERA and at the Tevatron to study
diffractive processes. Applications are foreseen at RHIC
and LHC.

1 NEARBEAM PHYSICS

| wishto start with abrief overview of somerecent and typ-
ical dataon near beam physics. The measurement of theto-
tal cross section o;,,; involves observation of € astic scatter-
ing a low momentum transfer - atypical near beam exper-
iment. The luminosity of the hadron collidersis generally
not well known and therefore o, is obtained with the lu-
minosity i ndependent method using the following formula

167 (dNey/dt)i=o
14 p?) Nei+ Ninel

Otot = (

where (dN;/dt):—o is the elastic scattering rate extrapo-
lated tot=0 and IV;,,.; istherate of theinelasticinteractions.
Thecorrection dueto the parameter p (ratio of thereal tothe
imaginary part of the forward amplitude) is small and suf-
ficiently well known.

A compilation of the total cross sections for proton-
proton and proton-antiproton collisions in the high-energy
region is shown in Fig. 1. It is evident that o, iSrising
with energy but the actual rate of increase is still a matter
of debate. The solid linein Fig. 1 isthe result of a disper-
sion relation fit [1] where the high-energy dependence of
oo+ Was described by the term (log s)”. The best fit gives
v =22+0.3.

The fit reproduces well the data [2] at /s = 546 GeV
whileat /s = 1.8 TeV it predictsavalue of o;,; which lies
between the two measurements at the Tevatron. The result
of E710 [3] seems to favour alog s increase while the re-
sult of CDF [4] favours the (log s)? dependence. Cosmic
ray data have large uncertainties but are consistent with the
extrapolation of ref. [1].

At the energy of the LHC, /s = 14 TeV, the fit predicts
oot = 109 + 8 mb while extrapolating as log s, one would
obtain Otot =~ 95 mb.

The (log s)? dependence corresponds to the maximum
rate of increase with energy which istheoretically alowed
by thefundamental theorems [5] on the asymptotic proper-
ties of the scattering amplitude.

Another typical near beam measurement is the observa-
tion of the interference between the strong-interaction and
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Fi gure 1: Thetotal cross section for pp and pp scattering is shown to-
gether with the prediction of the dispersionrelationsfit of ref.[1]. The best
fit (solid line) correspondsto v =2.2. The region of uncertainty is delim-
ited by the dashed lines. The dotted linerefersto v = 1.

the Coulomb amplitude which givesinformation on the pa-
rameter p. Coulomb interference takes place at so small
angles that we should consider these experiments as being
“very near” to the beam.

A quantity useful for the understanding of themechanism
of high-energy collisionsistheratio o.; /o, whichisplot-
ted asafunctionof energy in Fig. 2. The Tevatron data con-
firm the trend already observed at the SPS collider that the
ratio o.;/ oo+ iNcreases with energy. This observation tells
usthat the effective“ opacity” of thetwo colliding particles
increases, although slowly, with energy.

Closdly related to elastic scattering is the process of sin-
glediffraction dissoci ation which may beregarded asatwo-
body reaction

p+p—-p+X or p+p—p+X
where oneof thecolliding particlesisexcitedtoasystem X
which then decays into stable particles.

The energy dependence of the ratio of single diffraction
to the tota cross section, osp/ctot, 1SShown in Fig. 2 to-
gether with theratio o.; /o1 At present energies osp is
a sizeable fraction of o4, but itsrelative importanceis de-
creasing with energy.

Themass M of thediffractively produced system X may
takelargevauesin high-energy collisions. If pg isthebeam
momentum and p the momentum of the fina state parti-
cle which is scattered quasi-elastically and recoils against
the system X, the mass M isgivenby M? = (1 — z) s
where . = p/po. High-energy data provide evidence for
diffractive production up to M?2/s ~ 0.05. The momen-
tum spectrum measured by CDF [6] and shown in Fig. 3
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Figure 2: Theratios oo /oot and osp /otor are shown as afunction
of energy. The ISR data on diffraction dissociation are from the CHLM
collaboration [ref.7]. Thelines are linear extrapolationsto guide the eye.
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Figure 3: The momentum spectrum of the particle which is scattered
quasi-elastically as observed by CDF at the Tevatron.

has a large peak a = > 0.95 which corresponds to diffrac-
tive production. The LHC with itsvery large c.m.s. energy
opens new possibilitiesbecause M isaslargeas 3 TeV for
M? ~ 0.05 s.

The mass dependence of the production cross section
was studied by several experiments. The data [7, 8] a
a fixed vaue of the momentum transfer, —t = 0.5 GeV?,
which are shown in Fig. 4, indicate that the spectrum has
a 1/M? behaviour as predicted by the classica theory of
triple Pomeron exchange. Deviations are expected, how-
ever, inthe Regge model s with effective Pomeron intercept
larger than one.

The region of large momentum transfer is of course of
grest interest both for eastic and for diffraction dissocia
tion. At present energies the differential cross section of
elagtic scattering shows a diffraction-like structure which
is followed by a smooth behaviour. According to a QCD
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Figure 4: The mass spectrum of the diffractively produced system. The
line representsthe 1/M 2 behaviour.

model [9], at |arge momentum transfer the dominant mech-
anism is the three-gluon exchange diagram which predicts
do/dt ~ 1/t®. However, other models lead to different
conclusions. The impact picture of ref.[10] and the Regge
model of ref.[11], predict the emergence of adiffraction pat-
tern with several dips(see Fig. 5) in contrast with the three-
gluon exchange model which predicts a smooth behaviour.
Measurements at the LHC will be able to clarify thisissue.

Recently specia attention has been devoted to thefield of
hard diffractive scattering whichisof great interest because
it reved s the Pomeron structure of the proton. Thefirst ex-
periment on this subject was UA8 at the SPS collider [12]
which studied the production of jets in association with a
diffractively scattered antiproton. Further extensive studies
on this new and promising field are now being planned at
the Tevatron by the CDF [13] and D@ [14] collaborations.

A more complete review of high-energy diffractive pro-
cesses can be found in ref.[15].

2 NEAR BEAM TECHNIQUES
2.1 The Roman pots

The measurement of elastic scattering and diffraction disso-
ciation at the hadron collidersrequires observation of parti-
cles a very small angles (at the Tevatron typical anglesare
afraction of amrad). In practice thisis achieved by plac-
ing the detectors into specia units mounted on the vacuum
chamber of the accelerator, which have become known as
“Roman pots’ and werefirst used at the CERN ISR [16].
In its retracted position the Roman pot leaves the full
aperture of the vacuum chamber free for the beam, as re-
quired at the injection stage when the beam iswide. Once
thefinal energy isreached and thecirculating beams are sta-
ble, the Roman pot is moved toward the machine axis by
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Figure 5: Proton-proton elastic scattering data are shown together with
the predictions of the model of ref.[11].

compressing the bellow, until theinner edge of the detector
isat adistanceof theorder of one millimeter from thebeam.
There is no interference with the machine vacuum.

InFig. 6 apictureisshown of thefirst Roman pot used in
the small angle elastic scattering experiment of the CERN-
Rome group [16] at the CERN ISR in 1970-72. The pot
was about 15 cmwide. Thedetectorsinsidethe Roman pots
were small hodoscopes of scintillation counters.

In Fig. 7 a Roman pot designed and built at CERN but
similar to those recently used in the Fermilab experiments
isshown. The pot itself isabout 6 cm wide witha 0.1 mm
thick window whichis3cmx 2cminsize.

The detectors placed inside the Roman pots are so small
that usualy thereisno problemto attain the best spatial res-
olution offered by available technologies.

Thereis, however, aspecific technical problem - the need
for having the detector efficient very near to the physica
edge of the detector itself. In fact the detector has to be
“frameless’ on oneside ( thesidewhichistouchingthebot-
tom window of the Roman pot, i.e. facing the beam). This
isaspecia and redly peculiar requirement of near beam ex-
periments.

The overall mechanica structure of the Roman pot sys-
tem used at the SPS collider by experiment UA4 is shown
in Fig. 8 while a sketch of the detector is shown in Fig. 9.
The drift chamber has a special C-shape frame with a thin
window on the beam side. This alows reducing the mini-
mum accessible scattering angle. In Fig. 9 the sense wires
run horizontally and measurethevertical coordinatewhilea

J

Figure 6: Thefirst Roman pot used at the ISR by the CERN-Rome col-
laboration. The nameof the deviceoriginatesfrom its peculiar shape. The
flange which is connected to the machine vacuum chamber by abellow is
visible below the pot.

bundle of vertical scintillatingfibers measure the horizontal
coordinate.

In the recent experiments by the ZEUS collaboration at
HERA and CDF at Fermilab, silicon detectors have been
used. The detector of CDF, shown in Fig. 10, has a small
drift chamber with four sense wires which induce a signal
on adelay linefor measuring the other coordinate. |n addi-
tion thereisa silicon detector with pad and strips read-out.

A new concept was recently proposed by the Fermilab
collaboration E710/E811 [17]. The ideaisto use a bundle
of scintillating fibers oriented a ong the beam direction and
placed insidethe vacuum chamber of the machine (Fig. 11).
Particles scattered at small angles travel aong a fiber thus
producing alarge signal. The read-out isby image intensi-
fiers.

2.2 Theexperimental layout

The measurement of dastic scattering is simple in princi-
ple. Both scattered particlesare detected in coincidenceand
theelastic eventsare then sel ected by requiring collinearity.
A sketch of thefirst el astic scattering experiment using Ro-
man pots [16] is shown in Fig. 12. In this experiment the
Roman pots (already shown in Fig. 6) were placed at about
10 m from the crossing point.

In the recent hadron colliders which have higher energy,
thetypical scattering angleissmaller (infact it scales down
astheinverseof thec.m.s. energy) and thereforethe Roman
pots have to be placed a a much larger distance from the
crossing. This means that machine elements (quadrupoles
and in some case also dipoles) are usualy present between
the crossing and the detectors.

The typica layout for elastic scattering is shown in



Figure 7: A modern Roman pot built at CERN. The section facing the
beamisconcavein shape. Thisallowsa closer approach of the edge of the
detector to the beam.

Fig. 13. On each side there is a telescope of two Roman
pots placed a few meters apart and therefore able to mea-
sure both the position and the direction of the scattered par-
ticles. Between the detectors and the crossing point there
are magnetic el ements of the machine.

The opticsof theinsertionisof great importance for near
beam measurements. In fact hadron colliders are usualy
operated at high luminosity for the search of rare events.
To obtain high luminosity, the transverse size of the beam
at the crossing point is reduced by the focusing action of
guadrupoles. As a consequence the angular divergence of
the beams is correspondingly increased so that alarge frac-
tion of the particles scattered at |ow momentum transfer re-
main inside the aperture of the machine itself and are not
accessible to detection.

To measure elastic scattering and diffraction dissociation
at smal momentum transfer, the opposite scheme is actu-
aly required. The beam size at the crossing point is made
relatively large while the beam divergence becomes very
small. Nearly paralel beams are normally used. Thisim-
pliesthat the betatron function at the crossing point has to
belarge. Thecorrespondinglossof luminosityisnot aprob-
lem because diffractive processes have large cross sections
at small momentum transfer.

Therelevant parameters of theinsertion are the val ues of
the betatron function 8* and 3, at the crossing point and at
the detector respectively. The phase advance of the beta-
tron oscillations from the crossing to the detector is Ay =
J ds/B(s).

The best configuration for elastic scattering [18], corre-
sponds to the optics with parallée-to-point focusing from
the crossing to the detectors. Thisisachieved when the de-
tectorsare placed at the positionwherethe phase advanceis
Ay = 7 /2. Inthiscase thedisplacement y a thedetector is
proportiond to the scattering angle ¥ and does not depend
on the actual position of the collision point :

Lepp = /B*Ba

y=Lesp v

10

120 tm

Fi gure 8: The Roman pot system of UA4 at the SPS collider.

wherethe quantity L.y represents the effective distance of
the detectorsfrom the crossing point. Thisarrangement has
thevery convenient property that measuring the particle po-
sition at the detectors allows the scattering angle to be re-
constructed in away which isunambiguousand straightfor-
ward.

The method is basically the same as the classical tech-
nigque of measuring the direction of light rays by means of
an optica system having a screen on the foca plane.

Thisscheme was used at the SPS collider [19] to measure
the parameter p. Recently it was proposed for the proton-
proton scattering experiment in preparation at RHIC [20]
and by the TOTEM collaboration at LHC [18].

For the study of diffraction dissociation, one hasto detect
the particle which is scattered quasi-elastically and mea
sureitsmomentum. One takes advantage from the fact that
the sequence of magnetic elements of the machine down-
stream of the crossing point may actually be used as a pow-
erful magnetic spectrometer to select protons (or antipro-
tons) with momentum close to the beam momentum.

At the SPS collider the quadrupoles located in the long
straight section of the machine were used by UA4 [8] to
mesasure the momentum of the outgoing particle with amo-
mentum resolution of 0.6 %.

A more powerful system used by CDF [6] is shown in
Fig. 14. Detectors are placed in front and behind a string
of machine dipoles. The result is avery effective forward
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Figure 10: Sketch of the CDF detector. A small size drift chamber is
used together with a silicon detector.

magnetic spectrometer with momentum resol ution of about
0.1 %. A typica momentum distribution obtained with this
apparatus was shownin Fig. 3.

A similar system with severa Roman pot stations in-
serted between elements of the machine has been proposed
by the FELIX collaboration [21] at LHC.

2.3 Background and collimation

In the near beam experiments it is generaly required to
move the Roman pots as close as possibleto the beam. The
reduction and control of the beam halo is therefore of cru-
cia importance.

As expected, the minimum distance of approach ¥,,,in
was found, in various experiments, to be proportional to the
size of the beam at the position of the pot itself. Ther.m.s.
value of the beam size oy, iSrelated to theloca value of
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Figure 11: The new detector proposed by the E710/E811 collaboration.
A bundleof scintillating fibers parallel to the beam direction is placed in-
side the vacuum chamber.

the betatron function 3, :

Ymin = KOpeam s Obeam = €Ba

where e isthe beam emittance.

The parameter K may be controlled by the system of
scrapers and collimators of the machine which are adjusted
to protect the detectors from being hit by the particlesof the
beam halo. At the SPS collider thevalueof K was normally
found to be between 15 and 20, depending on the beam con-
ditions. Smaller values, around 10 or 12, have been reached
at the Tevatron.

At the LHC the background due to the high beam-beam
interaction rate is a cause of concern for the forward detec-
tors of large solid angle experiments but it is not relevant
for the detectors inside the Roman pots because they stay
far away from the crossing point where theradiation flux is
not large aready with low- optics and is further reduced
for medium or high- operation.

The loss of particles around the ring may have serious
consequences at the LHC because a too high radiation flux
could cause quenching of the superconducting magnets of
the machine. This problem has prompted a detailed study
of the background which has led to the design of a sophis-
ticated system with two-stage collimation [22, 23].

The secondary collimator will catch particles which are
not removed but only scattered on the edge of the primary
collimator. The primary and secondary collimators will be
set at a distance from the beam axis equa to 6 opeq.n, and
7 opeam respectively. Inthese conditionsthe maximum ex-
cursion of thehalo should not exceed 10 0., and the me-
chanica aperture around the LHC ring was designed ac-
cordingly.
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Figure 12: Thefirst Roman pot experiment at the CERN |SR.

It is clear that near beam experiments at LHC will take
advantage from the system of beam cleaning which will be
implemented to prevent quenching. We may expect that
Roman potsinstalled a the LHC could approach the beam
to adistance somewhat lessthan 10 opeqim -
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Abstract

Hadron production in single and central diffraction disso-
ciation is studied in a model which includes soft hadron
interaction as controlled by a supercritical pomeron
parametrization and hard diffraction. Hard diffraction
is described using leading-order QCD matrix eements
together with the parton distributions for the proton, the
less well known photon parton densities and a conjectured
parton distribution function for the pomeron. Within this
model, particle production in collisions with pomerons
exhibit properties like multiple soft interactions and
multiple minijets, quite similar to hadron production
in non-diffractive hadronic collisions at high energies.
However, important differences occur in transverse mo-
mentum jet and hadron distributions. It is shown that the
model is able to describe data on single diffractive hadron
production from the CERN-SPS collider and from the
HERA lepton-proton collider aswell asfirst dataon central
diffraction dissociation. We present also model predictions
for single and central diffraction at TEVATRON.

1 INTRODUCTION

High-energy hadron production in hadron—-hadron colli-
sions and in hadronic interactions of photonsis character-
ized by two mechanisms: (i) minijet production and (ii)
soft hadronic interactions. Whereas the minijet cross sec-
tion can be estimated applying the QCD-improved parton
model, soft hadron production cannot be computed directly
from perturbative QCD. Most model sfor multiparticlepro-
duction being constructed in form of Monte Carlo event
generators use soft and hard mechanisms. Such models are
usually called minijet modelsif they useminijetsand asim-
ple model for the soft component of the interaction. They
are called two component Dual Parton models (DPM’s) if
they use minijetsand incorporate a evol ved soft component
which isderived from Regge theory, Gribov’sreggeon cal-
culus[1, 2] and Abramowski-Gribov-Kancheli (AGK) cut-
ting rules[3] (areview isgivenin Ref.[4]).

Models inspired by Regge theory or the DPM describe
high-mass diffractive hadron productionin terms of the so-
caled triple-pomeron graph. According to this diffractive

le-mail: eng@lepton.bartol.uddl.edu
2e-mail: Johannes.Ranft@cern.ch
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processes can be considered as collisions of a color neu-
tral object, the pomeron, with hadrons, photons or other
pomerons. Experimental data on diffraction support this
idea showing that diffraction dissociation exhibits similar
features as non-diffractive hadron production whereas the
mass of the diffractively produced system corresponds to
the collision energy in non-diffractive interactions [5, 6].
Clearly, the pomeron cannot be considered as an ordinary
hadron. It isimportant to keep in mind that the pomeron
isonly atheoretical object providing an effective descrip-
tion of theimportant degrees of freedom of acertain sum of
Feynman diagrams. Pomeron-hadron or pomeron-pomeron
interactions can only be discussed in the framework of col-
lisions of other particles like hadrons or photons. On the
other hand, the striking similarities between diffractiveand
non-diffractive multiparticle production suggest that multi-
ple soft and hard interactions may also play an important
role in high-mass diffraction dissociation.

The DPM was aready successfully applied to diffrac-
tive hadron production reactions [7, 8, 9] and even hard
diffractive processes [10]. In [11] cross sections on sin-
gle and central diffraction were calculated. Up to now, the
minijet component in diffractive processes within the two-
component DPM was obtained using a parton distribution
function (PDF) for the pomeron and flux factorization. The
soft component of diffractive interactions was described
by two hadronic chains (cutting the triple-pomeron graph).
Here we will argue, that for the description of diffraction
dissociation producing hadronic systems with very large
masses, such models are not enough. Also for high-mass
diffractive hadron production we need multiple soft and
multiple hard interactions.

2 THE MODEL

2.1 Theevent generator PHOJET

In the PHOJET model[12, 13], interactions of hadrons are
described within the DPM in terms of reggeon (/R) and
pomeron (IP) exchanges. The redlization of the DPM with
ahard and a soft component is similar to the event genera
tor DTUJET [14, 15] for p—p and p—p collisions. In the fol-
lowing we briefly describe the trestment of the pomeron ex-
changein non-diffractiveinteractionssincethe sameframe-
work is also used for the description of particle production
in diffraction dissociation.

The pomeron exchangeisartificially subdividedinto soft
processes and processes with at least one large momen-
tum transfer (hard processes). This allows us to use the
predictive power of the QCD-improved Parton Mode with
lowest-order QCD matrix elements[16, 17] and parton den-
sity functions. Practically, soft and hard processes are dis-
tingui shed by applyingatransverse momentum cutoff pStoff
to the partons. Consequently, the pomeron is considered as
a two-component object with the Born graph cross section
for pomeron exchange given by the sum of hard and soft
Cross sections.



2.2 Diffractive cross section calculation

Concerning diffraction dissociation, our approachisthefol-
lowing.

In order to get an effective parametrization of Born
graphs describing diffraction within Gribov’s reggeon cal-
culus, we cdculate the triple-, loop- and double-pomeron
graphs using a renormalized pomeron intercept o = 1 +
A = 1.08. For example, let’sconsider thethe Born graph
cross sections for high-mass diffraction dissociation in A—
B scattering (for simplicity, we omit in the following ex-
pressions the pomeron signaturefactors; for adiscussion of
the couplings etc. see [11]).

High-mass single diffraction dissociation of particle A is
calculated using the triple-pomeron approximation

ot _ L(O )2 0 0 s B
dth]% = Ton 9Br) Y9spr 9ap 5o

ap(0)
s
X (M—%> exp {bi% t} . D

The differential cross sections for the high-mass double
diffraction dissociation reads
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Finally, we givethe expression for central diffraction disso-
ciation
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The experimentally observable diffractive cross sections
(i.e. cross sections of rapidity gap events) are considerably
smaller than the Born graph cross section given in (1), (2)
and (3). Thereason for this are significant shadowing con-
tributions which are estimated by a two-channd eikonal
model [14, 13].

2.3 Particle productionin diffraction dissociation

However, not only for cross section calculations, but aso
for the description of particle production, shadowing ef-
fectsareimportant. Unitarity and AGK cuttingrulespredict
that shadowing effects are directly connected with so-called
multipleinteraction contributions. Inthe case of diffractive
multiparticle production we have to consider rescattering
effects in pomeron-hadron and pomeron-pomeron interac-
tionsof enhanced graphs. Whereasit was sufficient tointro-
duce a renormalized pomeron tragjectory to calculate cross

sections, one needsfor the cal culation of particleproduction
a mode for the physical final states which correspond to
the unitarity cut of such arenormalized pomeron propaga-
tor. Following Refs. [18, 19] we assume that the pomeron-
pomeron coupling can be described by the formation of an
intermediate hadronic system h* where the pomerons cou-
ple to. Assuming that this intermediate hadronic system
has propertiessimilar to a pion, the n-m pomeron coupling
reads [19]

n+m—2

gn—m,:G H gh* P (4)
=1

with gp- p = g.p being the pomeron-pion coupling. G is
ascheme-dependent constant. Hence, pomeron-hadron and
pomeron-pomeron scattering should exhibit features simi-
lar to pion-hadron and pion-pion scattering.

To introduce hard interactions in diffraction dissocia-
tion, the exchanged (renormalized) pomeronsin pomeron—
hadron and pomeron—pomeron scattering are again treated
as two-component objects

aap(s, B) ~ % G {1—exp [_Xgiff _ X%ig]} )

with the diffractive eilkonal functions

i 9apgh- p(Mp/50)>T
S 87Tb]p(M12))
B2
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In all calculationsthe pomeron PDFs proposed by Capella,
Kaidaov, Merino, and Tran (CKMT) [20, 21] with a hard
gluon component are used.

2.4 Toy model with direct pomeron coupling

To estimate the sensibility of the model results to non-
factorizing coherent pomeron contributionsas proposed in
[32, 33], we use optionally also atoy model with a direct
pomeron-quark coupling [34]. In this case, the pomeron
is treated similar to a photon having a flavor independent
quark coupling \. For definiteness, the corresponding ma
trix elements are given

2 812 4 §2
|Mpg— g9l = Aas [_§ 3 (8)
02 + 12
|ZWJP9—> q<7|2 = Aas [ P ] 9)
.o 72
2 u“ 4+t
|M§37_> qq| = )\ozemeg [6 = ] (20)
02 + 12
\Mpp_. o> = A [6 — ] (12)

Here, o (cer) denotes the strong (el ectromagnetic) cou-
plingand 3,  and @ are the Mandel stam vari abl es of the par-
tonic scattering process.
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Figure1: Singleand double diffractivepp cross sections as
afunction of the center of mass energy /s caculated with
the model. We compare to data on single diffractive cross
sections [22, 23, 24, 25, 26, 27, 28, 29, 30]. In addition,
some experimenta estimatesfor the cross section on double
diffraction dissociation [26, 27] are shown.

3 COMPARISON WITH DATA

3.1 Diffractivecross sections

First we compare single diffractive cross sections accord-
ing to our model in p—p collisions to data and we present
the results of the model for single and double diffractive
cross sections in v—p collisions and for central diffraction
cross sections in p—p collisions. Studying diffractive cross
sections is not the primary concern of this paper. Results
on diffractive cross sections were aready presented using
the DTUJET model in Refs. [14, 15] and using the present
PHOJET model inRefs. [12, 11], weinclude updated results
for these cross sections here to make the present paper self-
contained.

In Fig. 1 dataon single diffractive cross sections[22, 23,
24, 25, 26, 27, 28, 29, 30] are compared with our model re-
sults. Itisto benoted that thedataon singlediffractivecross
sections at collider energies are subject to large uncertain-
ties. Neverthelesstherise of the cross section from ISR en-
ergies to the energies of the CERN and FERMILAB collid-
ersisless steep than expected from the Born level expres-
sion from the triple pomeron formula (1). It is the eikonal
unitarization procedure in the model, which suppresses the
strong rise of the triple pomeron cross section in the full
model. The same effect was also found by Capella et al.
[35] and Gotsman et al. [36].

In Fig. 2 we compare as function of the energy the cen-
tral diffraction cross sections in proton-proton collisions,
which we obtain from PHOJET with the cross section ob-
tained by Streng [31]. In PHOJET we use a supercritical
pomeron with A z = 0.08 whereas Streng [31] uses a crit-
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Figure 2: The energy dependence of the central diffrac-
tion cross section. We compare the cross section as ob-
tained from PHOJET with unitarization using a supercrit-
ica pomeron with the cross section obtained by Streng
[31] without unitarization and with a critical pomeron.
Both cross sections are for the same two kinematic cuts:
Mcp >2GeV/c? and ¢ = 0.95 and 0.97. The cross sections
decrease withrising c.

ical Pomeron with Ap = 0. Note that also the double-
pomeron cross section grows in Born approximation with
s like ~ s*2AP. Thisrapid increase is damped in PHOJET
by the unitarization procedure. At high energies, contribu-
tions from multipleinteractions become important. Thera
pidity gapsarefilled with hadrons dueto inel astic rescatter-
ing and the cross section for central diffraction getsstrongly
reduced. In contrast, Streng calculates only the Born term
cross section. Figure 2 illustrates the differences obtained
using different theoretical methods. We stress, both meth-
ods usethe measured singlediffractive cross sectionsto ex-
tract the triple-pomeron coupling.

3.2 Snglediffractionin hadron-hadron collisions at col-
lider energies

There are the following experiments which have studied
hadron production in single diffraction in pp collisions at
the CERN-SPS—Collider:

1. The UA—4 Collaboration[39, 6, 40] measured pseudo-
rapidity distributionsof charged hadron productionfor
different masses of thediffractive system. We havea -
ready twice compared earlier versionsof the Dual Par-
ton Model[8, 9] to thisdata. New in the present model
ishard diffraction and multiplechainsin thediffractive
hadron production, therefore we have again compared
to this data and we find a very good agreement. It is
evident from the data as well as from the model that
multiple interactions and minijets lead to arising ra-
pidity plateau in pomeron—proton collisionsin asimi-
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Figure3: Differential e — p crosssection do /dnjer (2%, <
1.8) for inclusivejet production with E* > 8 GeV in the
kinematic region Q% < 4GeV2 and 0.2 < y < 0.85. We
compare datafromtheZEUS Collaboration[37] with PHO-
JET resultsusing thesametrigger asused for the ZEUS data.

lar way as observed in hadron—hadroncollisions. (Un-
fortunately, there is not enough space here to show the
Figs. of this comparison.)

Hard diffractive proton—antiproton interactions were
investigated by the UA-8 Collaboration [41]. In
this experiment the existence of a hard component of
diffraction was demonstrated for the first time. Be-
cause of the importance of these findings, we com-
pared them already in arecent paper [10] to our model
and found the model to be consistent with this exper-
iment. Therefore we will not repeat this comparison
here.

3.3 Singlediffractionin photoproduction

Results on single photon diffraction dissociation and in par-
ticular hard singlediffraction were presented by both exper-
iments at the HERA electron—proton collider [42, 43, 44,
37, 45, 46).

The ZEUS Collaboration[37] has presented differential
and integrated j et pseudorapidity cross sectionsfor jetswith
E¥* > 8 GeV. The absolute normalization of these datais
given. Thisalowsoneamoreseverecheck of themodd. In
Figs. 3 we compare the differential jet pseudorapidity cross
sections from ZEUS [37] to the moddl. The Monte Carlo
events from PHOJET have been treated with the same cuts
and trigger asused for thedata. We find areasonable agree-
ment. We should, however, point out that the data include
contributions from non-diffractive processes while the re-
sults from the model concern only diffractive events.

3.4 Central diffraction dissociation

Dataon hard central diffraction in proton—antiproton colli-
sionsat 0.63 TeV have been published by Joyce et a. [38].
These data were obtained with the UA-1 detector at the
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Figure4: The pseudorapidity distributionin central diffrac-
tion as observed by the UA—1 Collaboration [38] compared
with the corresponding distributionin PHOJET without di-
rect pomeron couplingwith the UA-1 trigger applied to the
Monte Carlo events (p), with adirect pomeron coupling (d)
and without multipleinteractions (s).

CERN-SPS collider. The data are not easy to understand
since they have been obtained with triggers demanding a
pair of jetswith E, > 3 GeV or localized electromagnetic
energy depositionslarger than 1.2 GeV. Thistrigger accepts
across section of 0.3 ub whilewe find in our model at this
energy atotal central diffraction cross section of approxi-
mately 0.3 mb (see Fig. 2). Thus the trigger of Joyce et
al.[38] accepts only atiny fraction of al centra diffraction
events. Themost remarkablefeatures of thedataarethefol-
lowing:

The pseudorapidity distribution of the events accepted by
the trigger reaches a maximum central plateau of around
5 per pseudorapidity unit, 30 percent higher than the non-
diffractive minimum bias eventsat thefull p—p collisionen-
ergy.

We try to understand these data [38] in three versions
of themodel. (i) The full model without a direct pomeron
coupling, (ii) the full model with a direct pomeron quark
coupling, (iii) the model without multiple interactions and
without a direct pomeron coupling. We use for the Monte
Carlo eventsthe same trigger requirements as described in
[38].

In Fig. 4 the charged particle n distribution of the three
versions of the model are compared to the data. Only the
full model gives a pseudorapidity maximum comparableto
thedata. Thisis easy to understand, only in the full model
we have enough multiple soft chains and multiple minijets
to obtain such a large particle density. In the model with
direct coupling we trigger to events with one pair of direct
j€ets, thisdoes not give enough particledensity. Similarly in



the model without multipleinteractionswejust get one pair
of soft chains together with a minijet, also in this configu-
ration the particle density islower than in the full model.
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Figure 5. Jet transverse energy distributions in non-
diffractive p—p and ~+—y collisons compared with the
jet transverse energy distribution in central diffraction
(pomeron—pomeron collisions). For the latter channel we
give the distributions separately for the full modd, the
model without multipleinteractions (s) and the model with
adirect pomeron coupling (d). The distributionswere gen-
erated with PHOJET, the c.m. energy / diffractive mass is
100 GeV indl cases.

4 COMPARING HADRON PRODUCTION IN
DIFFRACTIVE PROCESSESTO
NON-DIFFRACTIVE PARTICLE PRODUCTION
IN P—P AND ~— REACTIONS

In Sections |1 we have aready pointed out, that our model
for particle production in pomeron—hadron/photon colli-
sions and pomeron—pomeron collisions has the same struc-
ture characterized by multiple soft collisions and multi-
ple minijets like models for hadron production in hadron—
hadron collisions. Therefore, again we expect themain dif-
ferences in comparisonto other channelsinthehard compo-
nent dueto the differences between the pomeron and hadron
structure functionsand dueto the existence or nonexistence
of adirect pomeron—quark coupling. Wewill usein &l com-
parisons here three modelsfor IP—p, IP—y and IP—IP colli-
sions:

(i) our model with multiple soft and hard collisions,

(ii) in order to seetheinfluence of the multiplesoft and hard
collisions a model with only one soft or hard collision al-
lowed and

(iii) thefull model (i) assuming in additiontheexistenceof a
direct pomeron—quark coupling according to thetoy—model
. We present this despite the fact that we did not find in the
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Figure6: Jet pseudorapidity distributionsin non-diffractive
p—p and v—y collisions compared with the jet pseudorapid-
ity distributionin singlediffraction (pomeron—p scattering).
Thedistributionsweregenerated with PHOJET , thec.m. en-
ergy is100 GeV in all cases, but the pseudorapiditiesin the
collisionswith pomeronsgivenrefer tothe /s =2 TeV p—p
collisions used to generate the diffractive events.

presently existing data any feature which could only be de-
scribed with such a coupling.

The differences in the parton structure functions of pro-
tons, photons and pomerons lead to quite different energy
dependences of the hard cross sections. In al processes
where pomerons are involved, single diffraction and cen-
tral diffraction, hard processes become important already
at lower energies. For pomeron—pomeron scattering at low
energy the hard cross section is about a factor 100 big-
ger than in p—p collisions. At high energies the oppo-
site happens, the hard cross sectionsin all processes where
pomerons are involved rise less steegp with the energy than
in pure hadronic or photonic processes. The reason for this
is the different low-z behavior of the parametrization of
the structure functions used. However, nothing is known
at present from experiment about the low-2 behavior of the
pomeron structure function.

In Fig. 5 we compare jet transverse energy distributions
in p—p and v—y collisionswith the onesin /P—IP collisions.
In the channels with pomerons we present again the distri-
butionsaccording to our full model, according to the model
without multiple interactions and the model with a direct
pomeron—quark coupling. In al non-diffractive collisions
we have /s = 100 GeV and the diffractive events are gen-
erated in /s = 2 TeV collisonswith Mp = 100 GeV.
Thedifferencesinthejet transverse energy distributionsbe-
tween the channels are as to be expected more important
than in the hadron p, distributions. We observe an im-
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Figure 7: Average charged multiplicity as function of the
c.m. energy in singlediffractivecollisions(pomeron—y col-
lisions) accordingto PHOJET (points) iscompared to theav-
erage charged multiplicitiesin non singlediffractive pp, yp
and y~ collisions, aso according to PHOJET (lines) and ex-
perimental datain pp collisions.

portant reduction in the jet distributionsin the model with-
out multipleinteractions. The effect of the direct pomeron
coupling is as dramatic as the effect due to the direct pho-
ton coupling. The E, digtributionsin the IP—y and IP—IP
channels extend up to the kinematic boundary. In the latter
two cases asinthe case of v—y collisionstheentriesat large
E, come only from direct processes.

In Fig. 6 we compare jet pseudorapidity distributionsin
p—p, 7—y and IP—p, again, al collisionsat /s = 100 GeV
with the diffractive events generated in /s = 2 TeV colli-
sions. For the jets we observe substantial differencesinthe
shape of the pseudorapidity distributions.

In Figs. 7 we compare the average charged multiplicity
in non-diffractive p—p, v—y and v—p collisionsaccording to
the mode! as function of /s with the charged multiplicity
in the pomeron—y diffractive channe as function of thein-
variant mass of the diffractive system. In the same plots
we compare aso to data in the case of p—p collisions. We
find at collision energies below say 500 GeV only small
differences between the channels. However, a energies
above 1 TeV the model with only one pomeron exchange
(one-pomeron cut) in diffraction dissociation (labeled with
s) predicts a smaller average multiplicity than observed in
hadron-hadron or photon-hadron scattering.

5 SINGLE DIFFRACTION AND CENTRAL
DIFFRACTION AT TEVATRON

In Figs. 8 to 15 we present some cross sections cal cul ated
using PHOJET at TEVATRON energy. Thedistributionsare
mass distributionsin single and central diffraction Fig. 8,
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jet pseudorapidity distributionsin singleand central diffrac-
tion as well as in non-diffractive p—p collisions (ND) using
E, thresholdsof 5and 15GeV Fig.9to 11, Jet £, distribu-
tions Fig.12 to 14 and the charged multiplicity as function
of the diffractive mass Fig.15. In some of the distributions
we give besides the full PHOJET model also the plotsfor a
model withasmall direct pomeron coupling and for amodel
with only single soft or hard chains pairs.

Resultson diffractivejet productionfromthetwo TEVA-
TRON Caollaborationsare discussed in [47, 48, 49, 50, 51],
one of the results obtained by the DO Collaboration is the
ratio of double-pomeron exchange (DPE) (in the present
paper we use the term central diffraction (CD) instead of
DPE) to non—diffractive (ND) dijet events:

(

PHOJET givesthefollowing cross sections:
Non-diffractive (ND):o (N D) = 45.2 mb,
Singlediffractive (SD):0(SD) = 11.2 mb,

Centra diffraction (CD): ¢(C D) = 0.64 mb.

From these cross sections together with Figs. 9 to 14 we
get for thisand similar ratiosawaysfor £, larger than 15
GeV:

(CD)/(ND)~ 2 x 1079,

(SD)/(ND)~ 4 x 1073,

(CD)/(SD)~ 0.5 x 1073,

Despitethefact that no experimental acceptance hasbeen
considered for these PHOJET resultsit isinteresting to find
the (CD)/(ND) ratio so close to the DO va ue given above.

o(DPE)

~ 1076
o(ND)

) 12)
B >15GeV

01 T El
PHOJET Pom p —@— |

T
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o ¢
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dM
(c? GevTh)

0.001

0.0001 : . : :
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Figure 8: Distribution of the diffractive mass in sin-
gle diffraction (Pomeron—proton) and central diffraction
(Pomeron—Pomeron) at TEVATRON with /s = 1.8 TeV.

6 CONCLUSIONSAND SUMMARY

Multiple soft and multiple hard interactions (minijets)
which we have aso introduced in diffractive hadron pro-
duction lead to arise of therapidity plateau, which agreesin
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Figure9: Pseudorapidity distributionof jetswith | larger
than 5 GeV and 15 GeV in (one side) single diffraction
(Pom—p) at TEVATRON. The upper curves with the same
plotting symbol are generaly for £, =5 GeV, the lower
curvesarefor £/, = 15 GeV. We plot aso the distributions
(d) using asmall direct Pomeron coupling (A = 0.05) and
(s) inamodel where only single soft or hard chains are per-
mitted.

hadron-hadron and photon-hadron collisionsvery well with
therise of the plateau observed experimentally.

Minimum bias hadron production in hadron-hadron, and
photon-photon collisions as well as in pomeron-hadron,
pomeron—photon and pomeron—pomeron collisions of the
same c.m. energy is remarkably similar. To see this, one
has to restrict the comparison to inelastic events and to ex-
cludealso thediffractively produced vector mesonsin reac-
tionsinvolving photons. The only striking differences ap-
pear in the transverse momentum distribution or distribu-
tionswhere thetransverse momentum behavior isessential .
This difference can be understood to be due to the direct
photon interaction contribution and due to the photon and
pomeron structurefunctionsbeing considerably harder than
hadronic structure functions.

Finally wewould liketo emphasize that measurements at
TEVATRON on CD and SD would alow oneto study many
of theopen questions: Isit possibleat all to describediffrac-
tion and hard diffraction using the triple pomeron graph?
Can QCD factorization be applied to the description of hard
diffraction? Does a direct pomeron—quark coupling exist?
Do we have multiplesoft and hard chainsin diffractive par-
ticle production?
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HERA-B and itsVertex detection
System

C. Hast?
Deutsches Elektronen-Synchrotron DESY, Notkestr. 85,
D-22603 Hamburg, Germany

Abstract

HERA — B isan experiment designed primarily to study CP
violation in decays of B mesons into the "gold plated” de-
cay mode B® — J/p K2 . The B mesons are produced in
interactions of 820 GeV protonsin the HERA proton beam
with an Internal Wire Target inthe beam halo. The physics
goal and detector requirements are shortly described. Main
focusisontheinterplay between the Vertex Detection Sys-
tem and the HERA Proton machine. Some resultsfrom the
1996 and new results of the 1997 test measurementsare pre-
sented. The conception of the Internal Wire Target and re-
sultsof thetarget testsare described somewhere elseinthis
issue.

1 INTRODUCTION

One of the outstanding problems in High Energy Physics
isthe origin of CP violation, a phenomenon discovered 30
years ago in decays of neutra Kaons. A decisive test of
the implementation of CP violation in the standard model
of eectroweak interactions requires the discovery and ac-
curate measurement of CP violation phenomenain systems
heavier than Kaons. The most promising laboratory for CP
violation studies are decays of neutra B mesons, where
CP violating effects are expected to be large. However,
the decay channels which can exhibit CP asymmetries are
extremely rare, typically suppressed by four to five orders
of magnitude. Experimental cuts to select clean signatures
and toidentify the B flavors reduce the useful rates further.
An experiment will therefore require the production of very
large numbers of B mesons, i.e. a machine acting as a B
factory.

One possibility to produce large numbers of B mesons
is offered by hadronic interactions at high energies. In this
case, cross sections and therefore the rate of B events are
much higher compared to e e~ machines; the events con-
tain, however, alarge number of particlesbesidesthe decay
productsof B mesons and the background of eventswith no
B mesons produced is severe. This shiftsthe experimental
challengeto the construction of adequate detectorsand trig-
ger systems. With increasing CM energy, the B cross sec-
tionin hadronic interactionsrises relative to the fraction of
non- B background, so large center of mass energies are of
advantage.

In reference [1] the feasibility of using the existing
HERA protonring for a B experiment was discussed for the
firsttime. Inafixedtarget environment, the820 GeV proton

INow at University of California San Diego, Department of Physics,
Mail Stop 0319, 9500 Gilman Drive, La Jolla, CA 92093, e-mail:
Carsten.Hast@SLAC.Stanford.edu

The Physics Case: B® — J/¢ Kgl

Signal B

820 GeV

B*** tag (P = 0.19)

Tagging B

vertex charge tag (P = 0.16)

Figure 1: Decay chain of the B — J/i K2 decay. The
mean flight pathsof theB and the K'3 meson are 10mm and
1.1 m, respectively. Mean Energies are givenin GeV. The
tagging powers of thelepton, Kaon, vertex charge, and B**
tags are given as well.

beam energy leadsto acenter of mass energy /s = 40 GeV,
an energy not too far above the B threshold. At thisrda
tively low energy the background of normal inelastic inter-
actionsdominates B production by six ordersof magnitude.
A CP experiment therefore requires extreme event ratesin
theorder of 30to 50 MHz duringarunning period of several
years. Sincethemaximal bunch crossing (BX) frequency of
the HERA proton ring amounts to 10 MHz, several events
must be produced simultaneously per BX.

The details of the HERA — B experiment and its physics
goals were discussed in the Proposal [2], which was sub-
mitted in May 1994. In January 1995, a Design Report [3]
was presented, which includes detailed technical solutions
and time schedules for dl the components of the experi-
ment. The approval was granted in February 1995. For the
time being, the collaboration comprises about 250 physi-
cists coming from 33 institutes of 13 different countries.

2 THEHERA -B DETECTOR

The proposed HERA — B detector has been optimized for
the detection of the "gold plated” decay mode B° —
Jp K2 being displayedin Figure 1. Figure 2 showsthisdi-
agram once more now i ndi cating the different detector com-
ponents and the trigger scheme required. The HERA - B
detector isahuge magnetic forward spectrometer with outer
dimensionsof 20-9-7 m? (seeFigure 3). The detector com-
ponents and their properties are summarized in Table 1.
The main design choices are:

e Solid angle coverage from 10 mrad polar angle to
about 200 mrad, corresponding to about 90 % solid-
angle coverage in the center of mass system.

e Use of asingle normal-conducting dipole magnet for
momentum analysis, with a field integral of 2.1 Tm.
Here the coils of the ARGUS Detector were reused.

e For adescription of the HERA — B Target see there-
port of K. Ehret elsewhere in this proceedings.



Detector Requirements |

Target
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1.8 GB/s

10 MHz
150 GB/s

Figure2: Detector componentsand trigger scheme required
to detect the BY — J/i K2 decay

e A silicon vertex detector system starting at 10mm ra-
dius from the beam with seven layers of double-sided
Silicon strip detectors. The inner radiusis limited by
the requirement that the system has to survive radia-
tion damage for at least one year before it can be ex-
changed. The silicon detectors will reconstruct the
Jfp — 11~ vertex, disentangles vertices of overlaid
events, and determines the impact parameters of tag-
ging particles. In the second level trigger stage back-
ground will be suppressed.

e A main tracking system, whose granularity and tech-
nology vary with distance from the beam in order to
limit the occupancy of each detector cell and yet min-
imize the number of channels. Below aradius of 6 cm
— required only for the first tracking stations — Sil-
icon strip detectors will be used, followed by micro-
strip gaseous detectors with Gas Electron Multiplier
foils(GEM) in the intermediate region out to about 20
cm, and by honeycomb drift cells of varying radius
and active length at larger distances from the beam.
Thetracking strategy isasfollows: Patternrecognition
is performed in the field free region outside the mag-
net. Tracks are extrapolated to the e ectro-magnetic
calorimeter and the muon system. Here large cham-
bers behind the RICH and in front of the calorimeter
enable efficient linking of charged tracks in the spec-
trometer with cal orimeter hitsand with track segments
inthe muon system. Additionally these chambers pro-
videfirst level trigger information.

Found tracks are swum through the magnet to the ver-
tex detector and are extrapolated to vertices originat-
ing from the target.

e The ring imaging Cerenkov counter as the only tech-
nology to identify atagging Kaon with its momentum
between afew GeV and about 50 GeV. Cy F g isused
asradiation gas. The Cerenkov angle of particleswith
0 = 1is55.6 mrad. The light is bundled with 140
spherical mirrorsand deflected to the photon detectors
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Figure 3: Vertica cut of the HERA — B detector.

by additional planar mirrors. The Hamamatsu multi-
channel photo-multiplier used to detect the Cerenkov
photonsare placed outside of theoverall acceptance of
200 mrad.

A (relatively) small transition radiation detector using
afiber radiator and straw detector cellsinthevery for-
ward region, in order to improve electron identifica-
tion in the congested small-angle region. The TRD is
part of the pretrigger to find el ectron/positron candi-
dates asfirst level trigger input. In the reconstruction
it increases the probability to find e ectron or positron

tags.

The electro-magnetic Pb/Scintillator and W/Scin-
tillator shashlic calorimeter fulfills the requirements
concerning energy resolution in a cost effective
fashion, and allows matched granularitieswith amin-
imal Moliére radius close to the beam. In the inner
section of 1.6 m * 0.9 m2mm thick tungsten plates
are used as absorber. The Moliére radiusis 1.3mm.
The innermost calorimeter modules are expected to
be exchanged after 1 year due to radiation damage.
As the TRD the calorimeter serves as pretrigger for
electron/positron candidates and the reconstruction of
tagging particles.

A conventional muon systemwithfour chamber layers
at different depthsin the absorber. Theinformation of



the last two layers is used as pretrigger to find muon
candidates. During the reconstruction the muon sys-
tem finds tagging muons.

The total number of channels sums up to over half a
million. 150000 out of these are used asfirst level trigger
inputs.

HERA — B has a multilevel trigger scheme (see Fig-
ure 2). Thefirst level trigger works with the HERA bunch
crossing rate of 10MHz as input rate. In total 150 GByte
of data have to be searched for lepton pairs per second. Al-
ready at thislevel amass cut around thenominal .J /v mass
isintroduced. The second level trigger includes SVD infor-
mation to resolve decay vertices. Here acut isintroduced
forcing B decay vertex candidates not to origin from one
of the target wires. The 2kHz second level trigger output
rateiseither transfered to athird level where amore refined
track analyses is performed or directly to alarge computer
farm for the online reconstruction of the events. In total
HERA — B aims to write 20 events per second to tape.

Detector Technology Channels| Hits
per BX

Vertex detector | Si-strip 136k | =~ 0.05

Tracker

inner (2-6cm) | Si-strip 40k ~ 0.02

inner (6-19cm) | micro-strip 135k | =~ 0.04

gas-chamber

outer (>19cm) | honeycombDC | 120k | ~0.15

High-pr trigger | gas pixel/straw 26k ~ 0.05

BY — ntn~

RICH C4F10 radiator 32k ~0.1

Kaon iden. PMT

TRD fiber radiator 15.7k ~ 0.1

Electroniden. | straw chamber

ECAL W/Pb scint. 5.8k ~ 0.2

Electroniden. | shashlic

Muon system gaspad + pixel | 313k | <0.01

Muon iden. prop. tubes

Total 550 k

Table 1: Main components of the HERA — B detector in-
cluding the number of readout channels and the average
number of hits per bunch crossing.

3 THEHERA -B SILICON VERTEX DETECTOR

The Silicon Vertex Detector (SVD) [4] is build by the
Max-Plank-Ingtitute fur Kernphysik in Heidelberg and the
Max-Plank-Institutefur Physik in Munich, both Germany.
The acceptance is 10 — 160mrad horizontally and 10
— 250mrad verticaly. This corresponds to 95% of the
solid angle in the center of mass system. The resolution
is planned to be 20 — 30 um transverse to the beam and
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500 zm aong the beam. Datafromthe SVD areused in the
second level trigger to find lepton pair vertices displaced
from the target wires. On the reconstruction level the SVD
establishes the J /v — [T1~ vertex and measures impact
parameters of the tagging particles.

The design challanges for the SVD can be described in
the following way:

e The complete Vertex Detection System, consi sting out
of tank, counters and targetsis an integral part of the
proton ring of HERA, since the proton beam centrally
traverses the tank.

— Duringinjection aclearenc of 199mminradiusis
needed which has to be reduced to 10 mm dur-
ing data taking. This leads to a radial movable
counter arrangement. Therefore the usage of a
solid beam tubeis excluded

Since the proton beam’s mirror currents have to
be guided through the tank a movable RF shield
has to be provided.

Inside the SVD the very high proton beam vac-
uum has to be mantained. Since thisis impos-
sible with inbuild silicon, carrier materials, a
Binary-1cecoolingsystem, etc. the countershave
to be wrapped. Here long thin Aluminum caps
have been choosen to reduce multiple scattering.
Sincethese caps are not stable under air preasure
these covers are connected to a seconadary vac-
uum system.

e withaHERA — B interaction rate of 40 MHz the par-
ticleflux of O(3 x 10! particles/cm?y) leadsto ase-
vere radiation damage in both Silicon wafers and read-
out chips.

e The HERA bunch crossing frequency of 10 MHz de-
mands a deadtimel ess readout and an online process-
ing of 8 GBytes of data per second.

e Generd pointsarelow mass support materia to reduce
multiple scattering.

In the following subsections these points are discussed in
more detail and technical solutionsare described.

3.1 The Secondary Vacuum System

Since the ultra high proton machine vacuum (p <
10~8 mbar) hasto be mantained inside of the VDS tank the
counters were wrapped with athin Aluminum shield. Fig-
ure 4 shows the schematic design of one Silicon station.
These Aluminum shields have alength of approximately
20cm for the stations nearest to the target and up to 50cm
in 2m distanceto the target. To reduce multiple scattering
these shields have to be as thin as possible. Two technical
solutions for the production have been found: Electro ero-
sion which turned out to be very time consuming and ex-
pensive, and galvanic deposition of Aluminum onto form
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Figure 4: Schematic side view of asilicon layer. Each sta-
tion consists of two layers of doublesided read out Silicon
wafers. The strip directionsof onelayer aretiltedin respect
to the other by + 2.5° allowing a spatial track reconstruc-
tion.

pieces to a thickness of 120 — 150 um. These long thin
caps are unabl e to stand one atmosphere of pressure. There-
fore a secondary vacuum system has to be applied. Here
the HERA vacuum group did a great job in designing and
building a safe system. Pumping down and venting theves-
sel isadeicate task since the pressure difference between
HERA vacuum and the secondary one hasto be maintained
at alevel better than 1 mbar. A sudden pressure changein
one of the systems would most probably end in a damage
of the wire bonds which are very close to the Aluminum
caps. Venting the vessel needs approximately four hours,
the pump down time before HERA can start with protonin-
jectionis48 hours. Up to now this system was operated re-
liably for two running periods.

3.2 TheRF Shied

A technical not finally solved problem it the RF shielding
between the proton beam and the Aluminum caps. In1996a
100 gm thin Aluminum tube with dlitsfor the Silicon mod-
ulesand many holesto reduce theamount of material which
was build in. Thistube worked perfect as an RF shield but
provided by far too much materia interms of multiplescat-
tering. During 1997 four 5pm thick steel bandsweretested,
again with very good results. Late in October 1997 the RF
shield was changed again to a configuration consisting out
of eight CuBe wires. Here severe technica problems oc-
curred dueto heating of thewires. With alength of roughly
two meters it takes only little heating to prolong the wires
enough to bend into the proton beam. Two wires broke and
operation of HERA was partly disabled. Here more engi-
neering work is needed, especialy since the radial move-
ment of the RF shield was not established up to now.

Mdfia cal culations performed by members of the HERA
crew and people from the VDS group, a RF test of a half
scale model of the vertex tank at the INFN at Naples, and
the operation at HERA have shown that al three solution,
tube, ribbons, and wires are principally working.

3.3 Radiation Damage

HERA — B foresees an exchange of al Silicon counters
once per year. But evento achievethislifetimespecia mea-
sures have to betaken. The Silicon counters are operated at
8° C to reduce leakage current, noise, and reverse anneal -
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ing. A specia guard ring structure alowsthe Silicon to be
biased up to more than 300 Volts.

To distributethe highest radiation damage which occures
only at thevery first millimeters closest to the proton beam,
the 5¢cm broad Silicon counters can be moved latera by
3cm relative to the beam to distribute the hot spot on a
larger area.

Instead of using explicit radiation hard electronics
the readout chips are connected through so called micro
adapters to the Silicon at regions where the radiation dose
is expected to be below 100 krad per year.

3.4 TheReadout Chain

The readout chain consists of the so called HELIX readout
chip, analog optical transmission lines from the detector to
the control room, front-end driver boards (FED) for digiti-
zation and event buffer boards.

The design bandwidth of the chain ischosen such that the
readout will be dead timeless for 100kHz event rate.

The silicon detector is read out after afirst level trigger
has been issued for a given HERA bunch crossing. In this
case the Fast Control System (FCS) sends a trigger signal,
a 7-bit bunch crossing number, and a 16-bit event number
to the front-end driver boards. The FEDs send the trigger
with the correct latency to the readout chips.

The readout chips contain a pipeline for the analog de-
tector signalsand upon receiving atrigger mark the correct
pipeline column will be read out: The 128 input channels
of each HELIX chip are multiplexed to one output line and
agateisgenerated during which the dataare valid for read-
out. Thisgateisused by the FEDsfor digitization. The col-
umn management of the HELIX chips alows for continu-
ous writing during readout.

4 RESULTSFROM THE 1996 AND 1997 RUNS

Inthe 1996 HERA — B test run 3 double sided Silicon lay-
ers had been mounted. Figure 5 shows one event where a
track originating from atarget wire and traversing al three
layers could be reconstructed. An overlay of target posi-
tions measured in runs with different single target wiresis
shown in Figure 6. The e ongated forms of the hit distribu-
tionsonthewiresareclearly visible. Fromthe rms-width of
the projection orthogonal to the wires the intrinsic resolu-
tion for thetarget wireswas measured to be around 300 xm
in agreement with Monte Carlo estimates for the 1996 ge-
ometry. Along thewiresthewidth of thedistributonisdom-
inated by the width of the beam profile, which has a rms-
width around 500 ym. Datafrom onewirewithitstwo pro-
jectionsare shownin Figure 7. The gaussian profilein both
views indicates that the target wires are scraping the beam
in order to produce the required interaction rates. (See the
report of K. Ehret elsawhere in this proceedings).
Analyzing runs with more than one target wire allowed
one to determine by direct measurement the distribution
of hits between different wires, thereby monitoring the
performance of the target control system with respect to
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Figure 5: Display of an event with track candidates orig-
inating from a target wire and being observed in al three
detector modules.

equalizing the contributionsfrom al wires.

For the 1997 run the Silicon layers and readout elec-
tronics were exchanged but the geometric setup remained
the same. The main focus on this running period was to
establish a common data acquisition for all sub detectors.
Figure 8 shows typical measurements of different detector
components: The number of interactions per bunch cross-
ing measured in the Target Hodoscopes, number of clusters
in the Silicon counters, occupanciesin % for Outer Tracker
(OTR), Transition Radiation Detector (TRD), and ECAL.
These measurements are plotted versus the bunch number
of the proton beam. Clearly thefill pattern of the machine
can be seen: from —21 to —17 thelast filled buckets, from
—15 to —1 the empty buckets and, from 1 to 11 the first
filled ones. The high occupancy for the ECAL at the first
bunch crossing is dueto a LED pulser which was running
for calibration purposes. With these ssimultaneoudy read
out datathe functionality of the Fast Control System could
be established (see above).

In a further step the VDS, ECAL, and DAQ groups of
HERA — B were ableto establish aworking first level trig-
ger. For agiven bunch crossing they surched for high en-
ergy clusters in the 320 ECAL test modules. This cluster
was interpreted as a single high energey electron. With this
trigger the Silicon was read out. These events showed after
reconstruction an excess of tracks originating from the tar-
get and traversing both, Siliconand ECAL. The magnet was
switched off during these measurements. Figure 9 shows
thelego plot of theextrapol ated target position. InFigure 10
the x- and y-projections are given together with the ex-
pected combinatorical background, shown shaded. These
measurements were so encouraging that theHERA — B col -
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Figure 6: Overlay of data from runs with different single
target wires. The transverse coordinates of track candidates
fromthevertex detector are plotted at the plane of thetarget
wires. The clusters correspond to aindividua wire.

laboration spend ahughe effort in trying to reconstruct J /v
mesons. The analyses of thisdata is ongoing.

5 SUMMARY

In this proceedings was shown how the HERA machine
group and the HERA — B collaboration work together to
make the technological challange of the HERA — B Exper-
iment possible within the given timeconstraints. As exam-
plethe vacuum system and the RF shield of the Vertex tank
were described.

Results from the data taking periods of 1996 and 1997
established the functionallity of three different RF shield-
ings, the track reconstruction with the VDS, the function-
allity of the Fast Control System and have proven the First
Level Trigger towork.
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Near Beam Physicsat HERA

M. Bieler
DESY, D 22603 Hamburg, Germany

Abstract

This paper givesan overview over near beam physicsat the
HERA € ectron—proton collider at DESY. After a short in-
troduction to the HERA machine the main topics are the
proton beam loss monitors, the proton beam collimation
system, thewire target of HERA-B and the forward proton
spectrometers of H1 and ZEUS.

1 HERA

The Hadron-Electron-Ring-Accel erator HERA is an accel -
erator facility for theinvestigation of & ectron—proton colli-
sions[1], [2],[3],[4].[5].

It consists of two separate storage ringswith a circumfer-
ence of 6335 m each. They arelocated one upon another in
acommon tunnel 1020 m underground. The proton beam
isinjected into HERA at an energy of 40 GeV and accel-
erated to the design energy of 820 GeV. It is guided in a
superconducting magnet structure. For the electron ring a
conventional magnet design was chosen whereas the nor-
mal conducting rf-system of the electron machine is sup-
ported by 16 superconducting resonators to reach the max-
imum energy of 30 GeV [6].

The geometry of the HERA—collider, as shown in fig. 1,
is given by 4 straight sections where 4 experiments are Sit-
uated. They are connected by 4 arcs. In the straight section
“North” and “South” the two counter-rotating beams are
bent and focused onto a common interaction point where
the detectors of the experiments“H1” and “ZEUS’ respec-
tively are located to measure the e interactions. The
beam separation is designed for a head-on collision of both
beams.

Inthestraight section “East” theexperiment “HERMES'
measures the interaction of the polarized electron beam
with an internal gas target. The electron and proton beam
pass the experimental area of the detector in separate vac-
uum chambers.

Inthe straight section “West” thebeam linesare al'so well
separated and the Experiment “HERA-B” uses awiretarget
in the halo of the proton beam to investigate C-P violation
in the B-system.

HERA was constructed by an international collaboration
of more than 40 ingtitutes and laboratories from 12 coun-
tries. Contributions were both in the form of construction
and delivery of components for the facility as well as con-
tribution to the manpower during the design and commis-
sioning phase.

The construction of Herastarted in 1984, and in 1990, &f -
ter a period of 6 years both storage rings were technically
completed. The commissioning phase, starting in 1991,
was completed when luminosity was first achieved on Oc-
tober 20, 1991 with the collision of 10 counter-rotating
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Hall South (ZELS) ==

Figure 1. Geometry of the electron proton collider HERA.
The bunches of the proton and electron machine collide at
theinteraction points*“North” and “ South” wherethe detec-
tors of the experiments ZEUS and H1 are located. In the
straight section “East” Hermes makes use of the eectron
beam, in straight section “West” HERA-B uses the proton
beam.

bunchesat theinteraction regionsNorth and South. 1n 1992
the detectors ZEUS and H1 were put in place and luminos-
ity operation started. Since then beam currents and lumi-
nosity have been increased steadily andin 1997 proton peak
currents of 100 mA in 180 bunches and positron peak cur-
rents of 40 mA in 189 bunches have led to an integrated |u-
minosity of 36 inverse picobarn per year.

2 PROTON BEAM LOSSMONITORSAT HERA

The proton beam loss monitors in HERA are distributed
around the ring, one monitor on every quadrupole mag-
net. As the HERA dectron ring, located about one me-
ter below the proton ring, creates a significant background
of synchrotron radiation, the proton beam loss monitors
have to distinguish between synchrotron radiation photons
and showers of charged particles from protons hitting the
beam pipe. The proton beam loss monitors consist of two
PIN diodes, two preamplifiers and a coincidence logic, in-
tegrated in a small housing, surrounded by a 2.5 cm lead
shielding [7]. Fig. 2 shows a sketch of a beam loss moni-
tor [8].

A singlesigna injust one diode caused by asynchrotron
radiation photon is suppressed by the coincidence logic,
whereas simultaneous signal sin both diodes, caused by the
shower of alost proton, create an output signa with alength
of less than 100 ns. With a bunch distance of 96 nsin
HERA thisleads to a maximum counting rate of one pulse
per bunch crossing. A redesigned version of theHERA pro-
ton beam loss monitorsis now commercialy available[8].

The quench protection system for the superconducting
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Figure2: Sketch of aHERA proton beam [oss monitor with
two diodes, two preamplifiers and a coincidence logic

magnets of the HERA proton ring uses the counting rates
of the beam loss monitorsas atrigger criterion for the beam
dump. After abeam dump thehistory of theratesof individ-
ual monitorsprior to the beam dump can be inspected for a
post mortem analysis. The rates of theindividual beam loss
monitors next to the proton collimatorsare used for thefine
positioning of the respective collimators. The rates of the
beam loss monitorsnext to theroman potsare used for their
positioning, and the overall loss rates are used for the fine
tuning of the betatron tunes and as agenera backgroundin-
dicator.

3 PROTON COLLIMATORSAT HERA

The proton collimation system at HERA is described in
detail in [9]. The collimators are located in 5 stations in
the straight section west, with 2 or 4 jaws per station. In
both the horizontal and the vertical plane there are one
primary collimator and two secondary collimators, respec-
tively. Ideal betatron phase advances between the jaws
wouldbe Ay = 30° or 30°+180° = 210° and Ay = 150°
or 150° + 180° = 330°. The position of the collimatorsin
HERA (in meters, right or left of the center of hall west),
the actual phase advances between the collimatorsand their
role as primary and secondary collimators are given in ta-
ble 1. The position of the HERA-B wiretarget isaso indi-
cated. In both planesthereare collimatorsat theright phase
advance downstream of thewiretarget to intercept particles
scattered by the wires.

Position | Aeyny | Ay | Function | Function
(degr.) | (degr.) | (horiz.) (vert.)
WR 94 0 -28 Prim. -
WR 33 85 0 - Prim.
HERA-B 121 26 - -
WL 19 158 74 Sec. 1 -
WL 105 189 154 - Sec. 1
WL 150 209 283 Sec. 2 Sec. 2

Table 1: Position, betatron phase advances and function of
the jaws of the proton collimator system
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The collimator jaws are tungsten-copper conglomerate
blocks, 60 mm wide, 80 mm high and 400 mm long (this
is equivalent to 4 interaction length). The collimator jaws
are not meant to serve as a beam dump. At least one acci-
dental beam lossin a collimator jaw caused severe melting
of thematerial and | eft apencil shaped grooveinthe surface
of thejaw.

The aignment of the surface of a jaw relative to the
beam is about 100 urad. The moving range of al jaws is
from +50 mm (open) to -5 mm (beyond the center of the
beam pipe) with a precision of +5um and a minimal gap
of 1.2 mm between opposing jaws. Each jaw is equipped
with a beam loss monitor, which is used to determine the
position of the jaw relative to the beam.

For the collimator closing procedure at the beginning of
a luminosity run, the rates of the beam loss monitors next
to the collimators are used. First all jaws are moved from
+50 mm to +15 mm. Then al jaws are moved to a po-
sition 3 mm wider than the position of the jaws during a
typical luminosity run. During this move an increase of
the counting rate of any beam loss monitor above a certain
threshold would stop al collimators. The threshold is set a
factor of 5 to 10 above the background counting rate mea-
sured with open collimators. Afterwards every single jaw
is slowly moved to the beam until the counting rate at the
adjacent beam loss monitor increases above the threshold.
Then thejaw is stoped and moved back out by 0.2 mm. Af-
ter the optimum collimator positions have been determined
that way, al collimators are moved simultaneoudly to their
optimum position by 0.2 mm. This procedureis relatively
dow (15 minutes), but very effective. Once the collimators
are closed, the experiments can turn on their sensitive com-
ponents and only little fine tuning of the collimatorsisre-
quired to control the background during aluminosity run.

For the 1998 run, with HERA-B routinely operating the
wire target, the collimator closing procedure will be mod-
ified in a way that HERA-B will move the wires into the
beam hal o beforethe collimatorsare closed. Thisprocedure
will help to further reduce collimator tuningif thewires are
moved in or out during aluminosity run.

Fig. 3 shows the console application for the proton col-
limators. The upper part shows the status and position of
the different collimator jaws rel ative to the beam pipe cross
section. Thelower part showsthe counting rates of the pro-
ton beam loss monitors next to the collimators. The highest
rates are seen at the collimator WL 19, just downstream of
the HERA-B wiretarget.

The proton collimators and the adjacent beam |oss mon-
itors have been used as tools for many different beam
diagnostic measurements (for details see [9]) like accep-
tance measurements, frequency analysisof beam lossrates,
measurements of the transverse particle distribution in the
beam, diffusionratesinthebeam hao or diffusionrates due
to beam beam interaction.
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Figure 3: Console application for the proton collimators.
The upper part shows the position of the different collima-
tor jaws, the lower part shows the rates of the proton beam
loss monitors next to the collimators.

4 THE HERA-B WIRE TARGET

The HERA-B experiment and the wiretarget are described
indetail by C. Hast and K. Ehret inthese proceedings. Here
some aspects of the target operation from the machine op-
erations point of view shall be mentioned.

The wire targets of HERA-B are moved into the halo of
the proton beam. Their position relative to the beam is ad-
justedto afixed interactionrate. Thisalowsthetarget wires
to follow slow motions of the beam due to thermal drifts.

At atypical interaction rate of 30 MHz at the target the
beam loss monitorsat thefirst collimator downstream see a
beam loss rate of about 30 kHz, compared to about 1 kHz
without target operation. The proton related backgrounds
at the other experimentsdo increase when thewires arefirst
moved in, but can usually be reduced again by carefully ad-
justing the collimator positions. The lifetime of the proton
beam isreduced from about 1000 hourswithout target oper-
ation to less than 100 hours at interaction rates of 30 MHz.
Fig. 4 showsthebeam currentsin HERA for two typical lu-
minosity runson September 11, 1997. During the run early
in the morning there was no target operation of HERA-B.
During the second run a 6 PM HERA-B went to an inter-
action rate of about 40 MHz. At that time adrastic change
in the proton lifetimeisvisible,

HERA on Thursday September 11 1997

T
Positrons
Protons

Currents[mA]
D
o

0
Time[h]

Figure4: Beam currentsin HERA for two typica luminos-
ity runs on September 11, 1997. From 6 PM on HERA-B
target operation limitsthe proton lifetime.

5 THE FORWARD PROTON SPECTROMETERS
OF H1 AND ZEUS

In some el ectron—proton collisionsat HERA the proton sur-
vives, gets a small transverse kick and/or looses a frac-
tion of its energy and escapes from the detector through
the beam pipe. In order to capture these protons, both
H1 and ZEUS have installed forward proton spectrometers
with up to six detector stations within a distance of 90 m
downstream from the interaction point. These spectrome-
ters make use of the vertical dipole magnets 70 m from the
interaction point, which are used for the vertical separation
of thebeam pipesinthearcs of HERA. The detector stations
are equipped with roman pots. These are thin housingsfor
detectors, which can be moved into the beam pipe close to
the beam.

Two detector stations of the forward proton spectrome-
ter of H1 at 60 m and 80 m from the interaction point can
be moved horizontally into the beam pipe, two vertical sta
tionsare at 80 m and 90 m from the interaction point. Co-
incidence of signals from the two vertica stationsat 80 m
and 90 m allows to reconstruct traces back to the interac-
tion point. The energy acceptance of the vertica stationsis
roughly 500 - 750 GeV (at 820 GeV beam energy). The ac-
ceptance of the total system is about 10 %.

Thevertical detectorsarekept about 15 o abovethe beam
center. The actual position of the detectors with respect to
the interaction point can be measured with a precision of
100 pum. At thebeginning of aluminosity run, after the col-
limators have been closed, theroman potsare sl owly moved
into the beam pipe. The counting rate of aproton beam loss
monitor downstream from the roman pot is observed. If
the gradient of the counting rate increases above a certain
threshold, the movement of the pot is stoped and then it is
retracted by 200 pum. If the counting rates of the beam loss
monitorsor the counting rates of the detectors in the roman
pots increase dramaticly during a luminosity run, the pots
are retracted from the beam within a few seconds.

The detectors in the H1 roman pots consist of layers of
1 mmfibers. Thefibersare groupedinlayersof 25 fibers, 5
layersin one direction and another 5 layerstilted by 90 de-
grees. Such afiber package together with two trigger tiles
forms one detector and every roman pot is equipped with
two detectors. The fibers are guided to photomultipliers
which arelocated 50 cm away from the beam. Fig. 5 shows
asketch of one of the vertical roman potsof H1. A detailed
description of the system can be found in[10] .

The leading proton spectrometer of ZEUS consists of
more stations (3 vertical and 3 horizontal stations). Un-
like the H1 pots, the ZEUS pots do not have a flat bottom,
but a curved bottom surrounding the beam. The pots con-
tain silicon detectors and amplifiers, both installed close to
the beam. The advantage is a high energy acceptance and
a high resolution of the detectors. Disadvantages are the
need for radiation hard components and for cooling. An-
other disadvantageisthelack of flexibility duetothe curved
shape of the pots. If the beam drifts perpendicular to the di-
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Figure5: Sketch of one of the vertical roman pots of H1

rection of motion of the pots, the pots have to be removed
from the beam until the old beam position is reestablished.
If changes in the machine opticsrequire an increase of the
beam diameter at the pots, the pots have to be redesigned
completely.
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Performance of the HERA-B Tar get
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Abstract

HERA-B isafixed target experiment dedicated to study CP
violation in the decay of neutral B mesons into the "gold
platted” decay mode B® — J/¢K2. Aninternal target in
the halo of the 820 GeV HERA proton beam provides the
source of B mesonsin high ratefixed target proton-nucleus
interactions. Thetarget collectsvery efficiently the protons,
before they get lost on any aperture limitation, to achieve
the required constant interaction rate of 40 MHz. It oper-
ates paralel to HERA e-p luminosity data taking without
significant disturbance of the other HERA experiments or
the beam quality. This paper reviews the requirements and
the main functionality of the HERA-B target. The differ-
ent impactson thetarget performance and various measure-
ments are presented.

1 INTRODUCTION

One of the outstanding problems in high energy physicsis
the origin of CPviolation, aphenomenadiscovered already
30 years ago in decays of neutral kaons. The most promis-
ing laboratory for CP violation studies are decays of neu-
tral B mesons, where CP violating effects are expected to
be large. Decay channels which can exhibit CP asymme-
tries are extremely rare, typically suppressed by 4 to 5 or-
ders of magnitude. Cuts to select the events and to iden-
tify the b flavour reduces the useful rates further. Therefore
ameasurement of CP violation requires a large number of
B produced mesons, i.e. a machine acting as a B factory.
HERA- B uses the HERA protonsto generate B mesonsin
820 GeV proton-nucleusinteractionson afixed target. Here
several tenths B mesons per second are rather easily pro-
duced, but the events contain alarge number of particlesbe-
sides the decay products of the B mesons. In addition the
bb production cross section at HERA energy is six orders
of magnitudes smaller than thetotal inelastic cross section.
The ambitiouschallenge of the experiment are thedetectors
which will be operated in avery high rate environment and
the triggers which have to provide a background reduction
by six orders of magnitude.

The main goa of HERA-B is the observation of CP vi-
olationin the B® — J/yK? decay mode (cp. Fig. 1) by
mesasuring the asymmetry:

[(B® — J/YKY) —T(B° — J/¢KY)

At [(BY — J/yK%) + (B — J/$K?)

sin2@sinxt/7p,

1K laus.Ehret@desy.de
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Signal B

p
820 GeV

Target L lepton tag (P=0.17)
K-
C§C@Q(Po.u)
Tagging B

vertex charge tag (P=0.16)
Figure 1: The "gold platted” B — J/¢ K3 decay with
some kinematical quantitiesat HERA-B .

where x =~ 0.67 isthe mixing parameter, 7 the lifetime of
the B meson and sin 23 the term measuring CP violation.

Considering the cross section, the branching ratios,
the trigger and the reconstruction efficiency of the
HERA-B detector one ends up with a tota efficiency of
approximately 3 x 107!2, A first significant CP mea-
surements requires ~ 1000 events and therefore 4 x 104
interactions. This means one year (107 sec) running at a
rate of 40 MHz. Regarding the HERA bunch freguency of
8 MHz, thisleadsto 5 simultaneous interactions per bunch
crossing (bx).

HERA-B uses a set of 8 ribbons which are positioned
around the beam at a distance of 4 - 6 r.m.s. beam widths,
i.e. inside the beam halo or close to the beam core but out-
side the core. The main idea is to absorb protons, which
leaves the beam core and would get lost anyhow, and bring
themtointeractioninthetarget (cp. Fig. 2). Such awiretar-

Figure 2: Basic idea of a halo target: protons which are
drifting outwards interact on the wires before hitting any
aperture limitation.

get ismechanically stable, easy to operate and it giveswell
localized and separated main vertices. The operation of the
target has to ensure that neither the beam quality is affected
nor the e-p luminosity is reduced or the data taking of the
other HERA experiments is disturbed by background. To
achieve routinously the anticipated rate of 40 MHz it ises
sential that at |east 50% of the halo protonsare absorbed in
the target beforethey get lost on any aperture limitation.
In thisarticle the basic properties of the HERA- B target
are reviewed. Main emphasis lies on the interference with
HERA beam operation. After a brief description of the
HERA machine and the experimental setup the main re-
quirements and the basic functionality are summarized.



The impacts on the target efficiency are considered and the
performance is discussed by afew selected measurements.

2 HERA

HERA [4] is a double storage ring designed for colliding
a 820 GeV proton beam with a 30 GeV electron beam?.
The rings with alength of 6335.8 m, their complicated in-
jector chain and the four interaction regions are shown in
Fig. 3. H1 and ZEUS are general purpose e-p experiments,

Halle NORD (H1)
Hall NORTH (H1)
HERA

Halle WEST (HERA-B)
Hall WEST (HERA-B)

Halle OST (HERMES)
Hall EAST (HERMES)

Figure 3: The HERA e-pring at DESY in Hamburg.

the HERMES experiment in the east hall exclusively uses
the polarized e ectron beam. The west straight section was
rebuilt in the 1995/96 shutdown. All previoudly installed
machine elements have been removed from the area to a-
low the installation of the 20 m long HERA- B detector in
thewest hall. In additionthe opticswas modified to comply
with the variousHERA- B requirements:

e low 3 function and low dispersion in the target area

e operation with the 2.1 Tm spectrometer magnet with
both polarities and with switched off magnet
compensation of the impact of the magnetic field on
the polarization of the electron beam. Note that the
HERA dectron beam tube has to go through the de-
tector, in 1 m distance of the proton beam tube, near
the poleface of the HERA-B magnet.

extent the proton collimator system to adopt tothenew
optics and to provide a powerful system to shield the
other experiments against target induced background.

2.1 HERA Proton Beam Parameter

In Tab. 1 the typica proton beam parameter at the
HERA-B target at WR09® are summarized. HERA oper-
ates at a proton energy of 820 Gev with currents up to 100
mA and with lifetimes of several hundred or even thousand
hours. The protons are filled in 180 bunches with currents

2HERA operates usualy with positrons - refered within this article as
electrons.

3Noticethe HERA naming conventionused within this article: 4 quad-
rants (east, south, west and north) splitted in aright and left octant. Eg.
WRO09: WestRight - 9 m upstream of the west hall.
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HERA-p X y
Beta Function 3 3Bm 3Bm
Alphac« 0 0.01
Typica emittancee | 5-10"%radm | 4- 10 °radm
spatial dispersionn -470 mm -1 mm
angular dispersionn’ | -13.5 mrad 0
beam size o 0.4 mm 0.35mm
Table 1: Parameter of the proton beam a the

HERA-B target position in 1996 and 1997. The hori-
zonta direction is denoted by the index x, the vertical by

y.

of around 0.5 mA (7 - 10'° protons), a bunch spacing of 96
nsec and atypical bunch length of 1 nsec. The detailed bx
filling schemeisshown inFig. 4.

HERA Bunch Filling Scheme:
3 * (6 trains plus 4 free RF-buckets)
each train with 10 filled and one free bucket

I ! ! |
! I I |
220

Filgure 4: HERA p:nbunch filling schlélme. Intota thereare
220 RF buckets; thelast 15 empty buckets are necessary to
guarantee a secure beam dump.

bx-number

2.2 TheProton Collimator System

The redesign of the proton collimator system [3, 5] required
an optimized compromise between the limited available
space, the capability to shield the other HERA experiments
effectively against natural proton background and to catch
protons, which are scattered under large anglein the target,
before they hit the other HERA experiments[6]. The main
design criteriaiis given by the optimum phase advance of
secondary collimators with respect to the primary collima-
tor or the target:

A¢P" = m - 180° & arccos(ny,¢/ns),

where m is an integer number and n,, ;, ns are the ampli-
tudes of themain collimator or target and the secondary col-
limator in units of beam sigma respectively. The system
was built as a three stage collimator setup. The phase ad-
vances and the 3 functionsaregivenin Tab. 2. A simulation
code with particle tracking was devel oped to study the tar-
get induced background and the capability of the collimator
system [7]. In the 1996 run it was proven that the collima-
tor system has a high capability to catch scattered particles
from the target and to shield the other experiments very ef-
ficient. Thiswas avery important milestonein the coopera-
tionwith HERA and the HERA experiments; allowing long
term high rate operation of the target.



V,/deg | type | B./m | n/mm | ¥, /deg | type | B,/m | n,/mm
KX0,KYO WR0%4 0 p 140.1 | -368. 0 p 79.0 5.6
KY1 WRO033 - - - - 27 sl | 485 | -135
Target WR009 121 t 35.0 | -470. 65 t 35.0 -1.
KX1 WLO019 158 sitl 62.3 -87. - - - -
KX2,KY2 WL105 189 - 1629 | 660. 182 tl | 1040 | -21.
KX3,KY3 WL150 209 2,(t2) | 41.6 510. 311 242 | 789 18.8

Table 2: Phase advance, beta functions and dispersion at collimators and targets. The following convention for the type
notationis used: p -primary collimator, t - target, s1, s2 - two stages of secondary collimatorsfor the primary collimator,

t1, t2 - secondary collimatorsfor the target.

2.3 Brief History: HERA and HERA-B Target

Since thefirst days of HERA operation the progress of the
HERA- B target was closely related to the steadily ongoing
devel opment and improvement of the HERA proton ring.

1992: Shortly after HERA produced first e-p luminosity
with 10 proton bunches and an integrated current of
1.5 mA first tests with the HERA- B target were car-
ried out in autumn 1992. A simple test setup was in-
stalled in afreeareain the west right straight section at
WR118. Withonewireshort term rates of 40 kHz with
an efficiency up to 8 % have been achieved.

1993 HERA operates with 90 p-bunches and a current of
15 MHz. Thetarget setup was significantly improved.
With the four installed wires (movable pairs of wires
at opposite beam sides with fixed distance) rates up to
8 MHz have been achieved. With avery simple setup
of small drift chamberstracks pointingto thetarget has
been observed.

1994 HERA isnow operating with 50 mA of protonsin170
filled bunches. The natural lifetime of the p-beam ex-
ceeds 1000 h. To reach 40 MHz rate it was necessary
to reduce the lifetime to less than 50 h; thisdidn’t af -
fect the HERA luminosity operation.

1995 Theimproved target mechanics allowed theindepen-
dent movement of four wiresfrom all four sides. Ma
jor improvementshave been madeintheautomatic tar-
get steering, the monitoring and logging of externa
data (e.g. HERA information).

1996 HERA fills up to 80 mA protons in 180 bunches.
The target with now 8 independent movable wiresis
mounted on the vessal of the HERA-B vertex detec-
tor system (VDS) and operated at the final location at
WROQ09 with the final optics parameter. In long term
high rate target operation the functionality and relia
bility of theHERA- B target hasbeen demonstrated. A
major milestonewas the successful reduction of target
induced backgrounds by means of the HERA collima:
tor system, which opened theway for asuccessful cor-
poration with the other HERA experiments. The dis-
tribution of the interactions aong the target wire was
measured with the vertex detector test setup.
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1997 HERA exceeds 100 mA of filled proton current. The
target is now nearly continuoudly in operation. De-
tailed investigation of the contributions of individual
bunches gave solicitous results concerning the non
proton bunch related interactions. A new wire inser-
tion procedure helped to increase significantly the tar-
get running efficiency and to reduces the proton back-
ground and eases the optimization.

3 THE HERA-B TARGET

3.1 Requirements and Environment

The measurement of CP violation requires an interaction
rate of around 40 MHz, i.e. 5interactions per bunch cross-
ing. One has to compare this with the natural loss rate of
the proton beam. With atypical current of 80 mA (i.e. 10'3
protons) and alifetimeof 100 hoursthe HERA proton beam
just loses 30 MHz of protons. This demonstrates that the
target hasto collect very efficiently the protonsbefore they
get lost, and that thetarget has to scrape away protonsfrom
thetails of the beam in case theinitial lifetimeistoo high.
The target efficiency er is defined as the ratio between the
interaction rate in the HERA- B target and the total HERA
proton loss rate, which is given by the current and the life-
time. A target efficiency above 50% isaspired not to reduce
the proton lifetime below 50 hours. At this accepted level
the target don’t cut severely into the efficiency of the other
HERA experiment because the HERA [uminosity lifetime
isusually lessthan 10 h, mainly determined by the el ectron
lifetime and the emittance growth®. The interactions pro-
duced on the target follows the Poisson statistics:

n

1
pu(n) = _,
n

exp(—p), n=0,1,2,3, ...

where p,,(n) describes the probability to observe n interac-
tionsin abunch crossing (bx) if the mean number of inter-
actionsper bx is .. Thevariance of the Poisson distribution
isequal to the mean value v, i.e. one gets a broad distribu-
tion. The capability of theHERA- B detector, optimized for
amean of five overlaid events, islimited by high occupan-
cies and high radiation doses. The following lists summa-
rizes the basic operation conditions to the target by means
of the three most important efficiency requirements:

N Trwms = 1/mp +1/Te +1/Te—p + 1/Te—e



Rate and Target Efficiency: To achieve the aspired rate
of 40 MHz the impact on HERA and the other HERA
experiments hasto besmall. Thisrequiresavery high
target efficiency of at least 50% and an effectivereduc-
tion of background produced in the target.

Running Efficiency: A nearly continuousoperation of the
target isnecessary to obtain 107 sec measurement time
within one year. The target steering has to be there-
fore very secure and has to avoid any harm or even
the loss of the proton beam; which would then cost at
least several hours to refill HERA. In addition it has
to be very reliable, fast and easy to be operated. A
proper online monitoring is necessary to recognize
problems, eg. in the rate stability or the background
very early. And last but not least the coordination
with HERA and the other HERA experimentsisessen-
tial to obtain an effective use of filled proton beams.

Reconstruction Efficiency: Due to the limitations of the
HERA- B detector capabhilities in resolving events
with very much interactions a constant rate without
spikes but with equal distribution from all wires for
al filled proton bunches is needed. In addition the
interactions should come out of a small time window
(=~ 1 nsec) within the 96 nsec bunch distance.

3.2 Scattering on the Target and b Production

Particles hitting thewire can interact or undergo quasi €las-
tic scattering. At high energies (> 10 Gev) the cross sec-
tions depends only weak on the energy. Thetotal cross sec-
tion of protonsimpinging on a nuclei with atomic number
A > 4isgivenby:

Tror = 40mb - A%/3(1 + 0.510g;, A).

oot 1SON theother hand given by the sum of theelastic and
indastic crossection (oot = T + Tiner) With:

Cinel = 33mb - A2/3(1 +0.231og;p A).

Theratioo.; /o+.+ Can be parametrised withinafew percent
accurecy by:

Uel/o-tot =0.205 - AO.lB, A>T,

The HERA proton beam energy of 820 GeV leads in a
fixed target environment to a center of mass energy /s =~
40 GeV, an energy not to fare above the b threshold. The
background of normal inelastic interactions dominates b
production by six ordersof magnitudes. At HERA energies
the gluon fusion processes, gg — bb, provides about 85%
of the heavy quarks, therest is produced by quark annihila
tion, ¢¢ — bb. Fig. 5 showstheresultsof QCD calculations
up to o [8]. They predict a bb cross section of about 12
nb at 820 GeV beam energy, but with large uncertainties.
The predicted value is in reasonable agreement with vari-
ous measurements which also incorporateslarge uncertain-
ties. This picture aso clearly indicates that an increase in
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the HERA proton energy, whichisnow under seriousinves-
tigation® woul d increase the b-yield and therefore the signal
to background ratio significantly. The bb cross section in-
creases nearly linear with A:

oy = 12nb - A%

Therefore the fraction of events with heavy quarks in-
creases slowly with A. On the other side the mean number
of tracks per interactionsincreasesroughly like (n) = A°-2.
For the experiment, mainly limited by the occupancy in the
detector, one achieves a dight gain in the number of pro-
duced b quarks per interaction to the number of tracks per
interaction in the range of 20-30% for heavy targets com-
pared to light targets. There are more b’s per interaction for
heavy materials. Therefore one aso gain in the number of
vertices per bx - anumber whichispreferably small. Butfor
the target material choice one has to take into account vari-
ous other pointsliketarget efficiency, target induced back-
ground and momenta distribution of the tracks which usu-
aly preferslight materials.

3.3 Basic Impactson a Halo Target

The basic idea of a halo target is to absorb protons which
leaves the beam core and drift outwards and would get | ost
anyhow, and bring them to interaction in the target before
they hit any aperture limitation in the beam tube. An effi-
cient competition of the target with the collimators, which
defines the aperture of the beam is needed. The interac-
tionlength \;,,; of typical target materiasisgivenin Tab. 3.
A proton has to hit the 500um long target several hundred
times before an interaction occurs. Diffusion and the scat-
tering in the target are the two important processes which
determines the efficiency of thetarget. Fig. 6 showsasim-
plified sketch of the beam density with and without a target
at the beam.

The number N (t) of wire hits after ¢ revolutions can be
estimated by following consideration for a horizontally lo-
cated target. The target wireislocated at a position with a
betatron amplitude 7. A halo particle with given betatron
amplitude W > T occupy horizontal positions between

SFor 1998 arun at 920 GeV is aspired.



Material C Al Ti Fe Cu

Z 6 13 22 26 29

A 12.01 26.98 47.88 55.85 6355
AinglCm 38.1 394 275 16.8 15.1
Xraalcm 188 89 356 176 143
O,c/urad | 24. 36. 475 52 55.
(AE)/ MeV | 438 433 360 382 380

Table 3: Atomic number A, mass Z, interaction length \;,.;,
radiation length X..4, mean angular smearing O, and the
mean energy loss (AE) for varioustarget materials.
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Figure 6: Basic impacts of a halo target.

—W and +W with z(t) = W - sin ¢(t), depending on the
betatron phase ¢(t), see Fig. 7. Since the phase changes
turn by turn with the tune @, which isa not asimpleratio-
nal number, the phase randomizes after several turns. The
probability that the wire with horizontal width §,, (typicaly
50um) is hit can be approximated by:

AN/dt = 6,/ (moxy W2 —T2).

Depending on the detailed numbers and the coupling of the
horizontal and vertical betatron motion one gets values of
several ten-thousand to a few hundred-thousand turns be-
fore the proton interact in thewire, i.e. typical timesin the
order of a second.

Diffusion effects haveasimilar timescaleand it isthere-
fore important to consider them a little bit more in detail.
The steep increase of thedrift velocity vp with thebetatron
amplitude W can be parametrised by:

At atypica position of the target a 4 - 6 beam sigmas
vp(Wy) lies between 0.1 and 10 o/sec.

Before a proton gets absorbed it passes Nipn: = Aint/0x
times through the target and scatters in the target material.
The total angular smearing due to scattering is given by:

~(5)

w

UD(W) = 'UD(W()) (Wo

14MeV
p

2
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2
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Figure 7: The horizontal phase space with atarget wire at
fixed positionand the probability to find aparticleat agiven
x position for particles with various betatron amplitudes.

Tab. 3 list thisnumber for various materials and the HERA
energy of 820 GeV. The scatteringleadsto an effectiveblow
up of the beam which is determined by an increase of the
squared betatron amplitude W:

2.
se?

AW?) =320

anumber which hasto be compared with beam width 0% =
3%-€2 ~ 400um. Multiplescattering amountsthereforetoa
smearing of the betatron amplitude by afew o which hasto
be added in quadratureto the betatron amplitude of theha o
particles. The correspondingwidening of thebeamisone of
thelimitingfactorstotheefficiency of thetarget. Thestrong
7 dependence of multiple scattering clearly prefersthe use
of light target materials. In addition a small 5 function is
advantageous to minimize the widening of the beam.

Particles traverses the target aso loses energy. The en-
ergy lossof 820 MeV protonsper interaction lengthissum-
marized in Tab. 3. Thisenergy lossleadsto synchrotron os-
cillation in the longitudina phase space and together with
the non-vanishing dispersioninthetarget areato deviations
from the design orbit in the transverse phase space. Some
details will be discussed in section 5.5 in conjunction with
the observation of non-bunch correlated interactions.

3.4 Target Efficiency Smulation

A simulation programwas devel oped g[ 9] to study thebasic
properties of ahalo target. Single halo particles are gener-
ated and tracked through the HERA proton machine until
they are absorbed in the target or hit an aperture limitation.
The particle tracking in linear optics uses single turn trans-
port matrices, coupling is introduced artificially by a skew



quadrupole. Diffusion istaken into account by the former
given parametrisation; scattering and energy lossof protons
in the target are simulated, 10sses or interactions are cal cu-
lated. The simulation containsalot of parameters, not al of
them are well defined:

Geometries. the detailed information concerning the
HERA ring geometries and its aperture limitation
is rather complex and even not always well known.
The simulation uses actualy only one limit in each
transversal direction; this seems to be a proper
approach as long the collimator system defines the
narrowest part of HERA.

Optics: The simulation assumes linear optics; the severe
guestion is, whether the region outside 4 o is domi-
nated by nonlinear effects. At HERA nonlinear im-
pacts are expected, e.g. the dynamic aperture or stable
resonancesin thehalo region. But thevery highintrin-
sic proton lifetimeis an indication that the machine is
even for larger betatron amplitudes in good approxi-
mation linear.

Diffusion: There existsjust a poor knowledge and under-
standing about diffusion processes in the beam halo.
Statistical physicswithitsbasictransport equationsto-
gether with some measured data provides the frame.
The high proton lifetime and the interpretation of
HERA- B target dataindicatesrather small drift veloc-
ities. A deeper understanding of beam hao dynamics
is an important goal of actua and further target stud-
ies, and thesimulation programisthereforeapowerful
tool.

Fluctuations: The real proton machine shows a wide va-
riety of fluctuationsand disturbances, something what
isuntil yet neglected in the simulation.

The target efficiency is either limited by diffusion or by
multiple scattering. In the first case more target materia
and material with larger Z improvesthe efficiency. But the
HERA-B target is mainly dominated by multiple scatter-
ing®. Fig. 8 shows for this case the results of simulations
with various target materials and different target positions
for collimatorslocated at 7 and 9 o. Thefollowinglist tries
to summarize the most important results of the simulations:

e Low Z materials and low 3 are advantageous for the
multiple scattering dominated case.

To achieve e > 50% at least a 3 o distance from the
target to the aperture limitationis required.

e More materia helpsonly in case of large diffusion.

e There is a good agreement between simulation and
measurements, i.e. the main impacts are proper simu-
lated. For the target operation point (4 - 5 o) one gets
similar absolute values for ez from the simulation.
Fits to measurements over a complete scans requires
usually avery steep slopefor vp(s).

8due to the high proton lifetime. But diffusion still has an impact on
the efficiency.
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Figure 8: Target efficiency as function of the wire position
for varioustarget materials and two different collimator po-
sitions.

4 EXPERIMENTAL SETUP

4.1 Location and Mechanics

HERA-B uses a set of 8 ribbonswith 50:m thickness par-
alel to the beam and 500um length along the beam axis,
which are positioned around the beam at a distance of 4 -
6 0. The targets are grouped in two stations with a dis-
tance of 4 cm aong the beam axis s. Within one station
the4 different targetsarelocated at nearly equal s-positions
and approaches the beam from all 4 different sides. Since
the rebuilt of the HERA west right straight section the
HERA-B target is located at WR09. The mechanics is
mounted on a2 m long vacuum vessel which mainly houses
the HERA-B vertex detector system (VDS) [10]. Fig. 9
shows two photos of aready mounted targets in the open
VDSvessel. Thetargetsare mounted on aceramic fork and
they are electrical connected to the outside of the vacuum
vessel; providing a measurement of the interaction rate on
atarget by means of ainduced charge measurement in the
wire. The second photo shows a part of the RF shielding
and the target cage in the VDS vessel. Protons are passing
from right to left. The stepping motors which moves the
wireshave anominal step-size of 50 nm. The precision and
the clearance fit are in the um range.

4.2 Countersand DAQ

Until yet mainly atest setup consisting of scintillating coun-
tersand silicon PIN diodesisused to monitor thetargets. In
1996 the technical test run for the HERA- B sub-detectors,
the various triggers and the data acquisition has started.
The prototype detector delivers until yet mainly informa
tion for improved diagnostic, here esp. the VDS is very
helpful (cp. Fig. 16). In the future the HERA-B detector
will provide detailed information about rates, the contribu-
tions of individual wires etc. , which will be used for steer-
ing.

The DAQ system consists mainly out of scalers. ADCs,



Figure 9: Targets mounted in the VDS vessdl.

TDCs and especially a 40 MHz and 1 GHz FADC system
providesdetailed informatione.g. ontheevent topol ogy, the
timing and the contribution of individual bunches. A large
number of external data(HERA and other experiments etc.)
are read from various online data servers and written into
one common target online database. The target informa:
tion (mainly rates and wire positions) is delivered through
various servers to the other HERA- B subcomponents, to
HERA, the other HERA experiments and is displayed on-
line on the HERA WEB page’. The online monitoring is
very essential, for the operation of the target as well as for
the coordination with other groups. Already now usualy at
least 20 usersrequest or display target informations.

4.3 Target Control

The target steering is based on direct measured rates and
rather simple agorithm. To increase the rate the target
moves in, to reduce the rate it moves out. Fig. 10 shows
a sketch of the hardware setup. The steering code, imple-
mented as afina state machine, handles fast beam finding,
rate stabilization and equalization on several wires and it
hasto react very fast on emergencies. Security and to avoid
any harm to the beam or other detectorsisthe highest prior-
ity inthesteering concept. Thereforeseveral levelsof emer-
gencies are implemented. The main steering takes place
in a 10 Hz loop; rates are read out and the target move-

http://mww-mpy.desy.de/desy-acc.htmi#HERA-B-Wire
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ment is calculated, taking into account emergency condi-
tions, the history and the slope of the rates. Close to the
beam dready a O (10 um) step changestherate by afactor
of two. The egudization of individua wire contributions
isjust in a starting process. The test setup lacks from fast
and significant measurements - but integrated low statistic
devices shows already now very promising results. Finaly
the second level trigger will analyze vertex information of
several kHz of eventsand providetheinformationtothetar-
get steering. Last but not least the target control has to be
doneby lot of different peopleson shift, i.e. it hasto bevery
reliable and easy to run. TCC - the Target Control Center
provides therefore an easy to use graphical user interface.

5 MEASUREMENT EXAMPLES

In the following section some basi ¢ properties and the per-
formance of the HERA- B target are discussed on afew se-
lected measurement examples.

5.1 Halo Target and Target Efficiency
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Figure 11: Target distance to the beam center and interac-
tion rate as function of time.

Fig. 11 shows atypica target scan taken in 1993. Af-
ter thetarget leaves the collimator shadow at about 120 the
trigger rate suddenly startsto rise. With each step towards
the beam center the target scrapes away a part of the beam
halo. Thisleadstoasharp riseintheratewhich decaysthen
within a few minutes to a new steady state. At a distance
of about 8¢ the rate remained at 200-300 kHz for about
one hour. After retracting the target the rate drops sud-
denly and rises again until thehaloisrefilled. InFig. 12 the
target efficiency e is shown for two different wire scans.



e rises after the wire has left the collimator shadow at
120 and becomes the dominating absorber if the target is
moved closer to the beam. Efficiencies well above 50%
have been reached. The importance of the collimator posi-
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Figure 12: Target efficiency asafunction of the distance to
the beam center.

tion isdemonstrated by the measurement shownin Fig. 13.
Here the targets are kept at fixed positionsand the collima
tor positionisvaried. The rate and the not plotted target ef-
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Figure 13: Interaction rate as a function of the collimator

position. The targets are at fixed positions (dots. ~ 6.50;
triangles: =~ 50).

ficiency er riseswiththe collimator position. At around 9o
the apertureislimited by other devices, therefore no further
increase is observed. To achieve high values of e at least
3o free aperture from the target positionis required.

5.2 Long Term High Rate Operation

During the last years the feasibility of long term high rate
target operations was proven. Fig. 14 shows a typical ex-
ample with six hours continuousrates above 30 MHz, pro-
duced withfour wiresfromonetarget station. Thefew large
degradations(a) of therate are triggered by the target emer-
gency system, which retracts for safety reasons the wires
to avoid huge spikesin therate. During the run the targets
move steadily closer to the beam (b) and scrape away pro-
tons from the bunch tails to keep the interaction rate con-
stant. The wires approach to less than four sigma to the
beam core. The scrapping of the beam leads to a clearly
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Figure14: Interactionrate (a), wireposition (b), proton cur-
rent (c) and the two most critical background rates (d) of a
typical HERA-B high rate target run.

visible reduction of the proton current and lifetime (c). In
the above examplethe protonlifetimewhilehighrateisbe-
tween 45 h and 50 h. Thisresultsin atarget efficiency er
between 60 and 65 %. Another important topicisthe back-
ground at the other HERA experiments caused by large an-
gle elastic proton nucleon scattering in the target wires. In
Fig. 14 d) the both most critical background rates together
with the limits for good running conditions are given. The
limitsfor still acceptable background conditionsare afactor
of two higher. Inthe 1996 runit was proven, that theHERA
optics modifications for the HERA- B experiment together
with the extended and adjusted proton collimator system
is very effective for the reduction of target induced back-
ground.

5.3 Rate Sability and Fluctuations

The investigation of the rate stability is a huge and very
important topic because the efficiency of the final exper-
iment relies on stable rates. The actua HERA operation
conditions, with very high natural proton lifetimes, requires
to aproach the targets close to the beam, scrape away pro-
tons and reduce the lifetime. The target operates at a very
sharp edge of thebeam, aready m steps alterstherate sig-
nificantly. Artificial beam excitation to increase the halo
population, e.g. by adding stochastic noise to a quadrupole



and modulate the tune, could help to relax the situation.
Thisisunder seriousinvestigation® and testsare planned for
the 1998 operation. Fig. 15 illustrates that the interaction
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Figure 15: Power spectrum of the interaction rate showing
typical linesfrom power suppliesat 50 and 100 Hz but also
lines from vibrations of machine el ements.

rate (analyzed with a spectrum analyzer) presently reflects
power supply lines and other externa impacts.

5.4 Distribution of Interactions along the Wire

With the vertex detector installation in 1996 it was possi-
bleto measure the distribution of interactionsalong thetar-
get wires. Fig. 16 showsthetransverse coordinates of track

(x,y) of track candidates at Zg
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Figure 16: Target wires seen by the VDS,

candidates from the vertex detector plotted at the plane of
the target wires. The clusters corresponds to individual
wires. The background is purely dominated by combina-
toric. The projectionaong thetarget wire has an rms-width
around 500 pm, reflecting the intrinsic distribution on the
wire folded with the vertex detector resolution of around
300 pm. Theintrinsic width istherefore equal to the beam
width of around 400 m and not significantly smeared out
by nonlinesr effects in the beam halo.

8The problem is not to destroy the beam core and thereforethe e-p lu-
minosity.
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5.5 Individual Bunch Contributions

The last topic discussed within this issue is the investi-
gations of individual bunch contributions. All 180 filled
HERA proton bunches contain usually within 10%the same
current. For efficient data taking one aspires similar rate
contributions from al bunches within a narrow time win-
dows of 1 nsec width and equal distances of 96 nsec. Oth-
erwise one loses efficiency due to high multiplicity events
which cannot be resolved, low multiplicity eventswith less
gtatistics and uncertainties in the drift-time measurement
lowering the detector resolution.

Fig. 17 shows two measurements taken with a FADC
system which samples the interaction rate signal with the
fourfold bunch-frequency. The first measurement, taken
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Figure17: FADC measurement of individual bunch contri-
butions.

with a wire at the inner beam side, reflects the bunch fill-
ing scheme; al 180 filled bunches contribute very similar
and no interactions are coming out of the gaps between the
bunches. The second example, taken with a wire on the
outer beam side, indicates two problems:

BX-BX Variations: The individual bunches contribute
very different. Similar shapes of the distribution
are measured with wires from al sides. This indi-
cates that the problem is most likely correlated with
the emittance and/or the lifetime of the individual
bunches. The problem originates most likely during
the injection phase, caused eg. by dight timing
problemsin one of the preaccelerators or the transfer
to the next stage - and the protons preserve their
history. In lot of examples one observes a systematic
behavior which supports this explanation. HERA



is working on an improved timing and a feedback
system, which hopefully cures this problem.

Non Bunch Corréeated Interactions. Lot of interactions
are not correlated with filled bunches. Thisis mainly
observed on the outer beam side, no significant contri-
butions are measured on the inner side. The amount
of thisout of proper time contributionsvariesfrom fill
to fill. Within one fill these perturbing contributions
saturates at a fixed level, exceeding in worse cases
10 MHz.

The reason for thisnon bunch correlated interactionsis yet
not finally verified. Most-likdly it is correlated with the en-
ergy lossin the target and the dispersion in the target area.
The mean energy loss of a820 GeV proton (cp. Tab. 3) per
interaction length is around 400 MeV, avalue similar to the
maximum momentum tolerance of the HERA proton RF
system. Particles may crossthe stable seperatrix inthelon-
gitudina phase space and start to travel randomly along the
beam tube. The horizontal dispersion in the target region
shifts the orbit of theses particles by ~ 0.50 to the outer
side, explaining that the effect is mainly absorbed on the
outer side.

A simulationis under development to study thismorein
detail and to obtain a quantitative understanding, which is
until yet missing. But the expectations into the smulation
are limited, because as soon as additiona nonlinear effects
in the beam halo and interferences between the horizon-
tal and vertical phase space are getting important one ends
up with arather complex and challenging beam dynamics
study project. Therefore it’s quite important to investigate
the problem in some dedicated machine shiftsin 1998; ba-
sic studies are the altering of the RF voltage and the move-
ment either of the beam or of collimatorsat high dispersion
points.

6 CONCLUSIONS

The HERA- B target is studied and improved since several
years. Most of the fundamental problems like target effi-
ciency er, background and running efficiency are under-
stood and solved. On itsway to afull operational deviceit
operates very reliableand isalready now in nearly continu-
ous operations. Open problems and subjects of further im-
provement are fluctuations, rate stability and the non bunch
correlated interactions. As until now also further progress
requires a close cooperation and the support of the HERA
machine group. Thereisavery strong, but quitefruitful,,in-
terference and interaction with HERA; most problems can
only be solved in acombined effort.

The HERA-B target operates not only near beam, but
very close at the beam. Thereforeit isavery sensitive de-
vice for beam diagnostic and it opens a wide area to study
beam dynamicslikehal o population, diffusion, instabilities,
fluctuations etc.
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A Forward Proton Detector at DG

Andrew Brandt?
Fermi National Accelerator Laboratory, P.O. Box 500,
Batavia, IL 60510; brandta@fnal.gov

Abstract

The addition of a Forward Proton Detector (FPD) as anew
sub-detector of the D@ detector for Run |1 isdiscussed [1].
This paper describes the physics motivation for the FPD as
well asitslocation and performance.

1 PHYSICSMOTIVATION
1.1 Overview of Diffractive Physics

Quantum Chromo-Dynamics (QCD), the current theory for
strong interactions, has been very successful at describing
and predicting many areas of particle physics. Itssuccesses
are limited, however, to the perturbative regime where the
strong coupling constant is small. About 40% of the tota
pp Cross section at the Tevatron is composed of elastic and
diffractivescattering which are non-perturbativeand cannot
currently be calculated in QCD.

The properties of eastic and diffractive scattering are
well-described by the phenomenology of pomeron ex-
change (Regge theory), where the pomeron is a color sin-
glet with quantum numbers of the vacuum. The literature
on diffractive dissociation is extensive and a few review
articles are given in Ref. [2]. Regge theory predates the
guark-gluon model, and it is not clear how to combine it
with QCD. Definitions of the pomeron vary from atheoret-
ical definition: “the highest Regge trgjectory with quantum
numbers of the vacuum, responsible for the growth in the
hadronic cross section with /s ”, to an experimenta one:
“the thing that causes rapidity gaps’. Many experiments
have studied diffractive and eastic scattering at different
center-of -mass energies, but dueto the non-perturbativena
ture of the interactions, insight into the underlying process
has been limited. The exact nature of the pomeron (Is it
composed of quarks and gluons? Isit hard or soft? Isit the
same object as a function of momentum transfer?) remains
elusive, although recent theoretical ideas and experimental
results are beginning to yield some answers. Thisbringsus
to the rather new field of hard diffraction.

Ingelman and Schlein [3] proposed that the observation
of jets in diffractive events would probe the partonic na
ture of the exchanged object, whether it is the pomeron or
something else. Their paper introduced the field of hard
diffractive scattering, which refers to the subset of tradi-
tional diffractive interactions characterized by high trans-
verse momentum (pr) scattering. They assumed that the
pomeron can be treated as an object that existswithinapro-
ton, and that it is thus sensible to define aflux of pomerons
in the proton as well asa pomeron structure function. They
proposed a gluonic pomeron with either a hard structure,

1For the D@ Collaboration
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as would be derived from two gluons sharing the pomeron
momentum ~ 3(1 — 3), or asoft structure like the gluonic
structure of the proton ~ (1 — 3)°, where 3 isthe momen-
tum fraction of the partonwith respect to thepomeron. With
these assumptions they were able to make predictions for
diffractive jet production cross sections and properties.

Figure 1 shows the diagram for hard single diffraction
producing two jets, a scattered p, and a rapidity gap (ab-
sence of particlesin a certain region). This topology can
either be tagged using a small angle spectrometer to detect
and reconstruct the leading proton, or by the presence of a
rapidity gap.

The first experimenta results on this subject were pub-
lished by the UA8 Collaboration at CERN, and showed
the existence of jets in events with leading protons and
that these jets had rapidity and longitudina momentum
distributions consistent with a hard pomeron structure [4].
There was aso evidence for a“super-hard” or “coherent”
pomeron, where the entire momentum of the pomeron par-
ticipatesin the hard scattering.

el

pomeron

9 (Gap) -

el

Figure 1. The diagram for ahard single diffractive interac-
tionresultingin afinal state with a scattered  and two jets.
Then—¢ plot showsthedistributionof particlesinthisevent
including arapidity gap near the scattered p and the circles
which represent the two jets.

The study of hard diffractiveprocesses hasexpanded dra-
matically in recent yearsand includes diffractivejet produc-
tion at HERA and the Tevatron [5, 6, 7], diffractive W bo-
son production [8], and rapidity gaps between high trans-
verse energy jets [9, 10, 11, 12]. The available data sam-
ples, however, are generally statistically limited and do not
have information about the scattered protons. The addition
of large and preci se data samples obtainable with the aid of
the FPD will help to devel op amore coherent picture of the
pomeron.

1.2 Advantages of the FPD

Although rapidity gap studies can be used to gain somein-
sight into the nature of the pomeron, these studies can be
vastly improved through the addition of a Forward Proton
Detector (FPD). Tagging the forward proton removes the
ambiguity of a rapidity gap tag, which suffers from back-
ground due to low multiplicity non-diffractive events. The
rapidity gap tag aso does not give information on whether
the scattered proton remains intact or is excited into alow-
mass state, which could still yield arapidity gap.



By detecting the scattered proton, one can measure its
momentum (p) and thus derive two key variables x, =
P/Pbeam, thefractional longitudina momentum of the scat-
tered proton, and t = (Ppeam — p)?, the four-momentum
transfer to the proton. Rapidity gap techniques do not give
access to these two variables and thus | ose important infor-
mation about the diffractive process. The momentum frac-
tion of the pomeron (&) is simply related to the momen-
tum fraction of the protonby £ = 1 — x,. A measure-
ment of the proton momentum thus gives the diffractive
mass My through the equation My = /€ - /s, where
\/s isthecenter-of-mass energy. The |¢|-dependenceof sin-
gle diffraction has been measured to be do /d|t| ~ eI,
where b ~ 6 for inclusive single diffraction at /s = 1800
GeV [13]. The exact dope has a mild dependence on /s
and My, and has not been measured for hard diffractive
events.

The ability to obtain large data samples and divide the
data into mass hins facilitates the comparison of the data
with theory in theform of phenomenological Monte Carlos,
and allowsstudiesof thepomeron structurein the pomeron-
proton center-of -mass.

The use of a scattered proton as the diffractive tag aso
allowsthefull rapidity range of the detector to be exploited
to study the diffractive system. This would in turn alow
a search for the effects of the super-hard pomeron, which
is expected to frequently result in back-scattered jetsin the
rapidity interval normaly used to tag rapidity gaps. The
super-hard pomeronisof great theoretical interest[14], part
of which stemsfrom thefact that if the entire pomeron mo-
mentum participates in the hard scatter, thereis a dramatic
increase inthecross section for the diffractive production of
heavy objects, such as b quarks [15]. The cross section for
hard double pomeron exchange is a so enhanced by super-
hard pomeron exchange [16, 17].

Hard double pomeron exchange, in which both the in-
coming proton and anti-proton emit apomeron and the two
pomeronsinteract to produceamassive system, can bestud-
ied effectively using the FPD. With both arms instrumented
it would be possible to measure both the proton and anti-
proton usingthe FPD, and jetsusing thecentral cal orimeter.
At the Tevatron acentral system of about 100 GeV could be
produced.

Although much can be learned about the pomeron at
HERA, there are distinct advantages to studying hard
diffraction at the Tevatron. Diffractive systems with mass
greater than 450 GeV/c? can be produced at the Tevatron
compared to only 70 GeV/c? at HERA. Thisalowsfor the
production of high pr objects at the Tevatron (such as W
or Z bosons) aswell aslargejet cross sections. The super-
hard pomeron can best be studied at the Tevatron; at HERA
it can result only from ahigher twist diagram, which issup-
pressed. Double pomeron exchange cannot be studied at an
ep collider. Finally, oneof thekey resultswill stem fromthe
comparison of pomeron structurein ep and pp collisions. If
the pomeron behaves like a particle it should have consis-
tent structure independent of the nature of the probe (el ec-

tron or proton).

1.3 Physics Motivation Summary

The dramatically expanding field of hard diffraction has
been driven by experimenta results. More precise results
are needed to improve the understanding of the nature and
structure of the pomeron and distinguish between differ-
ent theoretical models. There isarich, timely program of
physics that can be accessed with the addition of the FPD
to the D@ experiment. Thisincludes

o Studies of pomeron structure using diffractivejet pro-
duction, including the dependence on £ and |¢|.

e Search for diffractive production of heavy objects and
combining different hard diffractive channel sto deter-
mine the quark and gluon content of the pomeron.

e Search for the super-hard pomeron.
o Studies of double pomeron exchange.

e Search for “new physics’ such asglueballs, centauros,
and Higgs bosons.

e Determination of pomeron universality in conjunction
with HERA results.

The understanding of strong interactions is incomplete
without inclusion of soft and hard diffractive processes.
TheTevatronistheidea collider to study thisphysicsdueto
the large center-of-mass energy available, and the addition
of the FPD will greatly augment the physics capabilities of
the DQ detector.

2 THE FPD LAYOUT AND ACCEPTANCE

The Forward Proton Detector i saseries of momentum spec-
trometers which make use of machine magnets aong with
points measured on the track of the scattered proton (or
anti-proton) to calculate its momentum and scattering an-
gle (9 ~ /t). The points are measured using detectors lo-
cated in Roman pots, which aretypically stainlesssteel pots
or containersthat allow the detectors to function outside of
the machine vacuum but close to the beam. Pearticles tra-
versethin steel windowsat the entranceand exit of each pot.
The potsare remotely controlled and can be moved closeto
the beam (within afew mm) during stable beam conditions
and retracted otherwise.

2.1 Dipole Spectrometer

Figure 2 shows the proposed location of the Roman pots
that will comprise the Forward Proton Detector, where A
refers to the outgoing anti-proton side, P the outgoing pro-
ton side, @ represents the low beta quadrupole magnets, D
the dipole magnets, and S the electrostatic separators. The
dipole spectrometer consists of two Roman pot detectors
(Ap1 and Apo) located after the bending dipoles about 57
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Figure 2: Placement of Roman pot detectors near the D@ interaction region. The horizontal scal e showsthe distance from
theinteraction pointin meters. Each of theindependent momentum spectrometers consists of two Roman pots (represented
by black rectangles) in combination with the machine magnets as described in the text.

meters downstream of the interaction point on the outgo-
ing p arm. The other Roman pots in the figure are com-
ponents of the quadrupole spectrometers discussed in the
next section. The dipole spectrometer pots are located in-
sidethe Tevatron ring in the horizontal planeto detect scat-
tered anti-protonsthat havelost afew percent of theoriginal
beam momentum. These are the equivalent positionsof the
CDF pots (E-876) [18] which were added at the end of Run
I. There are no known obstacles to implementing this por-
tion of the FPD as the optics are roughly the same at CDF
and D@, and there is space available at the equivalent loca
tion near D@. It is not possible to instrument the outgoing
proton side with a dipol e spectrometer without major mod-
ifications to the accel erator (not being considered).

A single dipole spectrometer with acceptance character-
isticssimilar to that of the Run | CDF spectrometer hastwo
principal limitations: hard double pomeron exchange can-
not be studied using p and p tagssince only thep armisin-
strumented, and the acceptance is restricted to a relatively
large £ region where the backgrounds from other processes
are large and hard to understand.

To remove these limitations, the FPD discussed in this
document is optimized to improve the acceptance and aso
includes quadrupol e spectrometers.

2.2 Quadrupole Spectrometers

There is currently no space near D@ for Roman pots other
than for dipole spectrometer pots Ap; and Ap,. Thein-
strumentation of both the outgoing proton and anti-proton
arms requires modifications to the machine lattice to create
space for the detectors. The proposal here involvesmoving
the three low beta quadrupoles on each side (Q4, Qs, and
Q2) about two-thirdsof ameter closer to theinteractionre-
gion, in order to create two one-third meter spaces for the
Roman pot stations. Roman potswould be located at either
end of the electrostatic separators, which would be moved
one-third of a meter closer to the interaction region. The
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area within the bypassis the only “warm” section of beam
pipein reasonabl e proximity to the D@ detector, and isthus
the obvious choice for the location of Roman pots.

Preliminary studies indicate that the quadrupoles can
be supported while maintaining or even reducing the cur-
rent deflection of the closest quadrupole without a major
redesign. This can be accomplished by reinforcing and
lengthening the shelf that extends from the main girder that
currently supports the quadrupoles. Preliminary studies of
the bypass modifications indicate that thisis a minor mod-
ification assuming that a sufficient vacuum is maintained.
Complete engineering studies are in progress.

The FPD thuswill consist of six Roman pot stations, the
aforementioned A p, which has two stations, plus four sta-
tionsthat use the quadrupol e magnetsto measure the proton
(Pg and Pg) or anti-proton (A¢ and Ag) trgjectory instead
of the dipole magnets.

An idea proton detector would be an annular detector
with full ¢ acceptance closeto the beam. Sinceitis neces-
sary to remove the detector during injection of the beam for
stability and radiation considerations, such adesignisim-
practical. The proposal maximizes the acceptance for pro-
tonsand anti-protonsby allowing potsin both the horizontal
and vertical planes.

With this design there are eight independent quadrupole
spectrometers, four on each side of the interaction region
(twoeach inthex and y directions). Thisgivesatotal of 18
pots, 2 dipole potsand 16 quadrupole pots. An example of
aquadrupol e spectrometer isthe P, spectrometer (first pro-
ton spectrometer) shown in Fig. 2, which has the pot P;¢
located after the Q> quadrupole about 23 m from the inter-
action point, and P; s located about 31 m from z = 0. A
proton deflected to the left of the beam axis would be de-
tected in this spectrometer while a proton scattered to the
right would be detected in the P, spectrometer in pots Pag
and P,g. Therewould aso be P; and P, spectrometers (not
shown in Fig. 2 for simplicity) for protons scettered above
and below the beamline. Analogous spectrometers are lo-



cated on the anti-proton side.

2.3 Tracking Studies

To study the acceptance of the spectrometers, we used a
tracking program provided by the Beams Division [19].
This program tracks particles through each element of the
lattice, using the measured lengths and magnetic fields of
the elements. The Run Il beam energy of 1 TeV was as-
sumed in the lattice calculations, and a modified version
of the dispersion-freelatticetaking into account the moved
quadrupoleswas used [20].

The acceptance is critically dependent on the distance
of the detector from the beam axis, which depends on the
beam width (¢). Table 1, which isextracted from adetailed
study of the background from accel erator losses[21], shows
the 80 beam widths at the proposed Roman pot locations
(dipolepotsare only useful inthe horizonta plane). Roman
pots placed a 8¢ from the beam could detect scattered p's
and p'swith displacementslarger than than this. A compar-
ison of the @ and S rows of thetablefor p'sand p’'sreveals
that for thislatticethe horizontal planefor protonsisequiv-
alent to the vertical planefor p’sand vice versa.

| Roman Pot Station || 80, (mm) | 80, (mm) |

Ap) 5.64 -
Aps 5.01 -
Aq 145 6.77
Ag 131 461
Po 6.78 14.4
P 4,66 130

Table 1: 8¢ positionsat the Roman pot locations.

The tracking program is used to map out the acceptance
in|t|and ¢. For atrack to be accepted, it must remain within
the beam pipe (inner radius of 35 mm) and within the sepa-
rator aperture (25 mm). It must also pass through the active
area of the detector in both pots, which is assumed to cover
Tmin < T < Tmin +20mmand —10 < y < 10 mm for
horizontal pots (x and y are interchanged for vertical pots).
The Zmin (Ymin) Values are obtained from the 80, (80,)
columnin Table 1.

The acceptance is maximized by minimizing thedistance
between the detectors and the beam axis. This distance is
limited primarily by the halo rates which increase as the
pots are inserted closer to the beam. Using an initia inten-
sity of 10'3 protonsper bunch, we have determined that the
beam halo rates for an 8o pot location are on the order of
10° protons/second in the quadrupole pots [21], and a fac-
tor of two higher in the dipolepots. The halo rates decrease
by about afactor of threeat 9o and sharply decrease further
with larger pot displacements. There is some dependence
on the assumptions and exact collimation scheme, which
has not been tuned to minimizetheratesat the pot positions.
The red rates will have to be measured and the exact pot
displacements will then be determined. The current studies
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indicate that a reasonable pot location is between 8 and 9o
for quadrupole pots and 100 for dipole pots.

2.3.1 Spectrometer Acceptance

A proton is considered to be accepted by the spectrome-
ter if it passes through the active area of both detectors
while remaining within the limiting aperture of the beam
pipe throughout its entire trgjectory. The acceptance is de-
termined as a function of theinitia conditions of the anti-
proton (¢, |¢|, and £). The geometric (¢) acceptance of the
(a) quadrupol e spectrometers at 80 (b) dipole spectrometer
at 100 isshowninbinsof € and |¢| inFig. 3. Thesizeof the
boxes are proportional to the geometric acceptance with the
larger boxes representing larger acceptance. A quadrupole
spectrometer requiresaminimumangleor |¢| to accept scat-
tered protons, while a dipole spectrometer requires a min-
imum momentum loss, resulting in the different behavior
observed in the two parts of the figure. For the quadrupole
casethereisnoacceptance for |t| < 0.5 GeV?2, but theinter-
mediate and high |¢| geometric acceptance are quite good,
while for the dipol e case the acceptance is especially good
for 0 < |t| < 0.5 GeV? and high ¢ (¢ > 0.02).
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Figure 3: The geometric acceptance in binsof £ and |¢| for
(a) the quadrupole spectrometers (p or p) a 8o displace
ments (b) the dipol e spectrometer (p only) a 100 displace-
ments. Theacceptance ineach binisproportiona tothesize
of the box, with the largest box representing 83(100)% ac-
ceptance for the quadrupol e (dipole) spectrometers.

We calculate the total acceptance by integrating over the
¢ and |t| values accepted by the pots. The |¢| dependence
is included using the relaion do/dt ~ e~*I!l, where b =
4.2 — 0.5In(&) from Ref. [13]. This expressionisvaid for
single diffractive and most likely double pomeron events,
but for elastic events b =~ 17 [22]. The total acceptance is
dominated by the |¢| acceptance, sincethecrosssectionfalls
so steeply with |¢|. For the quadrupole case, the total ac-
ceptance haslittle& dependenceand is stable at about 1.4%,



whereas the di pol e acceptance ranges from a coupl e percent
at & near zero to 35% at an intermediate ¢ = 0.02 and 96%
a & =0.05.

The situation for the D@ dipole spectrometer will be
much improved over the Run | CDF case which had little
acceptance for &€ < 0.05. The Roman pot design under con-
sideration, discussed in Sec. 3.1, shouldresultinadead area
on the order of 100 um, instead of afew millimeters. The
separation of the beams is more advantageous at the D& | o-
cation, with the p beam located 0.3 mm closer to the pots
than the proton beam [23]. We will be preparing for along
runand will have adequate timeto study thehalo ratesinor-
der to minimizethe pot displacement. The long running pe-
riodwill allow usto obtainlarge datasamplesevenif theac-
ceptance were significantly less than 1%. We consequently
expect to have acceptance to £ near zero.

Thetotal acceptance in general does not depend strongly
on the width of the active area of the detector, as the bulk
of the acceptance isin the center of the detector. Doubling
the width from 2 to 4 cm only increases the overall accep-
tance by afew percent of itsnomina vaue, sincethisonly
improves the acceptance for very rare high |¢| events, and
decreasing thewidth from 2 to 1.5 cm a so has little effect.

Asmentioned earlier, thetota acceptance is quite sensi-
tiveto pot position, decreasing by about afactor of threefor
each additional o unit. The acceptance is also sensitiveto
thefina details of the lattice (which could affect the accep-
tance by roughly afactor of twoin either direction), and the
emittance (which would affect the acceptance if it is much
smaller or larger than the expected value).

We have also studied the issue of beam crossing angles,
which may be needed in the case of 132 nsec running to
avoid parasitic collisions [24]. The addition of a crossing
angle does not dramatically affect the acceptance. It results
in a slight improvement for the dipole pots by moving the
proton beam further away from the pots. For the quadru-
pole pots, the acceptance isimproved for some spectrom-
eters and degraded for others with an overall effect of less
than a factor of two. The addition of a crossing angle, -
though not desirable from complexity and symmetry argu-
ments, does not significantly affect the overall acceptance
and does not compromise the goa's of the FPD.

2.3.2 Resolution

The transport matrix obtained from the tracking program
can be used to derivetheresol ution expected from the spec-
trometers. The positionresol ution depends on the point res-
olution of the detector and multiple scattering, which are
estimated to be about 0.1 mm and 0.04 mm, respectively,
for the detector discussed in Sec. 3.2. It is aso sensitive
to the uncertainty in the beam position at the pot locations.
The average beam position can be measured very well us-
ing elastic events, and deviations from this position are ex-
pected to beabout 0.1 mm[21]. Addingtheseresolutionsin
quadrature gives a position uncertainty of about 0.15 mm.
Thisyields estimated resolutions of §¢ = 0.0012 and 6t =
0.018v/%. In practice, the |¢| resolution is dominated by
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the 0.06 mrad angular dispersion of the beam, which cor-
respondsto ot = 0.12+/%.

24  Acceptance Summary

Tracking studies show that with reasonable assumptions
about Run |1 conditions, the Forward Proton Detector will
have quite good acceptance for detecting scattered protons
and anti-protons. The dipolespectrometer has excellent ac-
ceptance for anti-protons, especialy at low |¢| and high &.
The addition of quadrupole spectrometers allows the tag-
ging of protons, and thusdoubl e pomeron and el astic events
(which are crucia for aignment and calibration), as well
as generally improving theintermediate and high |¢| accep-
tance. Our design with spectrometers in both the horizon-
tal and vertical planes makes this acceptance very robust,
and insul ates us against accel erator uncertainties. Although
the p quadrupole pots have inferior total acceptance to the
dipole pots, they improve the |t| coverage, are crucia for
elagtics and halo rgjection, and will alow the cdibration of
the dipol e spectrometer.

3 DETECTORS

3.1 Roman Pots

Figure 4 shows a sketch of thefront view and the side view
of a Roman pot. Each pot isa small steel box that com-
pletely encases the scintillation fiber detector (described in
the next section) and keepsit i sol ated fromthe machine vac-
uum, athoughthe potitself remai nsinsidethemachine vac-
uum. The dimensions are labelled on the figure and show
that the pot is very compact, with a length of only 3.8 cm
along the beamline, aheight of 13 cm, and awidth of 7 cm.
The width and height are determined by the bending radius
of the fibers. The pot will be fully retracted in a bay area
for beam injection, and can be moved into the beam pipe at
aposition closetothe beam for normal running. A small di-
ameter bellowssurroundsthe cylindrical chimney and sup-
ports the structure. The chimney is used to route the fibers
to the phototubes.

The Roman pot is composed of 2 mm thick steel except
for a thin window which brackets the active area of the de-
tector traversed by the scattered protons. The window is
composed of a 50 pm stainless sted foil in order to re-
duce multiple scattering. Once the detector is placed inside
the box, astedl lid with acylindrical chimney iswelded to
the top of the box. A low viscosity epoxy will be injected
through the chimney in order to fill the remaining space on
either side of the detectors, thus creating a solid one-piece
detector. Thebox design producesthe smallest possiblepot,
reducing the space needed in the beam pipe region. This
allow usto have potsin both the 2 and y planesin order to
maximize the acceptance. Another advantage of thisdesign
isamuch lower cost rel ativeto standard Roman pot designs
which are at atmospheric pressure on oneside, and requirea
pressure compensation system to combat the forces caused
by theimbalancein pressure between theinsideand outside
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Figure 4: A front and side view of the Roman pot and detector described in the text.

of the pot. Our design also only requires a small diameter
bellows and a small range of motion.

A stepping motor drivesacam system that moves the pot
along the direction of the chimney axis. A system of bear-
ings keeps the box movement from deviating from the di-
rection perpendicular to thebeam line. The positionsensing
system is based on two high precision linear potentiome-
ters (LVDT's), one performing the primary position mea-
surement and the second providing redundancy. Thewhole
positioning system will be capabl e of adisplacement preci-
sion of better than 25 um.

3.2 Detectors

Each Roman pot contains a small scintillator for trigger-
ing and timing and a six-plane scintillating fiber detector,
which is used to determine the (x, y) coordinate of the de-
flected proton at the pot position. The detector iscomprised
of stacked ribbonsof four fibers oriented such that the scat-
tered proton (or anti-proton) would pass through all four
fibers to maximize the light output. The stacked ribbons
have a one-third ribbon width spacing.

Theuse of 0.8 x 0.8 mm sgquare scintillating fiberswould
allow a theoretica resolution of about 80 um. The esti-
mated radiation dose of the detector is 0.03 Mrad per year
of norma running. A full hit by the proton beam corre-
sponds to 0.3 Mrad, or ten years of normal run. Studies
have shown that a1 Mrad dosereduces thefiber attenuation
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lengthto 40% of itsorigina value[25]. However, duetothe
short length of our fibers (2 cm) thereductionin attenuation
length is not important even with several beam accidents.

3.21 Fiber Readout and Trigger

The scintillating fibers are connected to clear fibersthat are
bundled together in groups of four and connected to one
channel of a multi-anode photomultiplier tube (MAPMT).
Four fibers per channel will give about 10 photoel ectrons
and fit comfortably within the pixel size of the MAPMT,
which has good gain uniformity among its 16 anodes with
negligiblecross-talk. Therewill be 112 channels per pot, so
seven 16 channd tubes will be required for each pot.

The MAPMT's can be read out by a standard Central
Fiber Tracker (CFT) trigger board, with one trigger board
required for each of the nine spectrometers. The total num-
ber of channels needed per spectrometer is 224 which is
well below the trigger board limit of 512 channels. The
signasfromthe MAPMT will be passed through the exist-
ing front-end chip, modulo the minor modifications to the
components necessitated by the exact signal sizeand shape.
These boardswere designed to allow for different input sig-
nals since they are being used by the centra and forward
preshower detectors in addition to the central fiber tracker,
thus the modification of these components will not be dif-
ficult or costly. The front-end chip outputs signals to the
SVX-II chip [26] for digitization. The SVX-II chip will



then storethe information from the fiber hitsin the standard
event datablock. Thefront-endchip also outputsaTTL sig-
nal for useinthetrigger logic.

The Level 1 (hardware) trigger logic is formed in gate
array chips which combine the hit fiber information along
withatable-lookupincorporatingthetransport matrix equa-
tionsto givethe ¢ and |¢| of thetrack. A preliminary study
of thetracking equationsindicates that about 500 equations
will be necessary to specify atypica ¢ and |t| range, well
below the 8000 equations available on the trigger board.
The total time required for the FPD Level 1 decision is
about 800 nsec, 400 nsec for protontransit and return of the
signal to the D@ region and another 400 nsec for the trig-
ger logicand transit to the Level 1 framework. Thisiswell
withinthe4.2 usec timeallowed for aLevel 1decision. The
Level 1 framework will automatically synchronizethe FPD
decision with al other Level 1 decisions, so timingwill not
be a problem.

The nine CFT trigger cards will transmit their trigger de-
cisionsto the FPD trigger manager. The manager will com-
bine these independent trigger decisions into L1 “and/or”
termsfor theL1 Framework. The FPD trigger manager will
behousedinasinglecrate. Thiscratewill be asmaller ver-
sion of the CFT and Muon L 1 trigger managers and will not
require additional design or engineering. This readout sys-
tem has the great advantage of using existing DG trigger
boards such that the data storage and triggering are com-
pletely DG standard.

Other detector options, such as silicon or gas microstrip
detectors, suffer from dead aress at the bottom of the de-
tector and difficultiesintriggering at Level 1 and would re-
quire significant development. In conclusion, we have not
been able to identify a cheaper, more reliable option than a
scintillating fiber detector readout with multi-channel pho-
totubes.

4 DATA TAKING

4.1 Data Taking Strategy

The FPD is designed to be a sub-detector of D@ and will
be well-integrated into the D@ trigger framework. Due to
the relatively small number of channels (about 2000 com-
pared to hundreds of thousandsfor other sub-detectors), this
detector will have a negligible effect on the event size. It
should be read out on every event since any standard type
of physics process below mass threshold can be produced
diffractively.

It will also be necessary to have afew dedicated triggers
which demand tracks at the trigger level. Dedicated trig-
gers will be required for diffractive jet production, double
pomeron exchange, and elastic scattering.

To minimize the bandwidth for these dedicated trig-
gers, the capability tocut on £ a Leve 1 isessentia (See
Sec. 3.2.1). Thisallowsthedifferent triggersto only accept
tracks in the kinematic range of interest. In addition to the
requirement of ap or p (and in some cases jets), the dedi-
cated triggers must include elements to reject multiplein-
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teraction and hal o backgrounds.

4.2 Fake Background

A serious concern about triggering on hard diffraction is
thefrequency of multiplepp interactionsin the same bunch
crossing. The superposition of alow mass diffractive event
with a hard scattering event is an important background
since this combination can fake a hard diffractive signd.
Fortunately, thisbackgroundisdominated by very low mass
diffraction which could not produce jets and can easily be
rejected at Level 1 by acut such as¢ > 0.004. In addition
a single interaction requirement can be imposed at Level
1 using timing information from the Level & detector (an
array of scintiallatorslocated between the central and end-
cap cdorimeters). The Level 1 background rates will be
small and comparabletothesigna rates (few HZ). At Level
3 (software trigger) or offline, this background can be re-
duced to near zero using a single interaction agorithm or
tool, which can use thesiliconinformationto demand asin-
gle vertex, compare the event time from the trigger scintil-
lators and from Level &, and demand conservation of lon-
gitudina momentum.

A detailed study of the overlap of ahal o event withahard
scattering event indicates that thisbackground will aso not
be aproblem, due to the ¢ cut which eliminates most of the
halo, and the multipleinteraction cuts.

4.3 Accelerator Background at D@

With no Roman pots, the accel erator-induced backgroundis
expected to beat most afew percent of thebackground from
pp interactions. The D@ sub-detector most sensitive to ac-
celerator related backgroundistheforward muon spectrom-
eter. Studies have been performed to quantify the increase
in background dueto the Roman pots compared to the base-
line case with no pots.

A contribution to background rates of beam halo inter-
actions with the potsis cal culated assuming an intensity of
10'3 protonsper bunch and 10*2 anti-protonsper bunch and
aluminosity of 1 - 1032 cm~2s~! (asin the halo studies).
The hal o protons scattered by the pots and secondary parti-
cles generated in inelastic nucl ear interactionswith the pots
and accelerator components are then passed through de-
tailed simulationswith the MARS code. These simulations
combine the magnetic fields and the pot, separator, quadru-
pole, dipole, tunnel, shielding, and D@ forward muon spec-
trometer geometry, yielding a three dimensional distribu-
tion of particlesentering the DJ sub-detectors. Theratio of
thenumber of hitsfrom accelerator backgroundinthemuon
chambers (located at 6, 8, and 10 meters from the interac-
tion point) with and without Roman potsisthen determined.
Thisratio is about 4.5 for 80 pot positions and 1.5 for 9o
pot positions, implying atotal increase in background rates
of a most 15% for 80 and a few percent for 9o. The ef-
fect of asmall increase in the background ratesto the muon
system should be minor. Detailed simulations of the back-
groundsto thesilicon detector show that these are d so neg-



ligiblecompared to theinteraction rel ated background. The
conclusion from the background studies is consistent with
that of the halo studies: the pots can likely be positioned
between 8 and 9o. The actua running position will clearly
have to be determined experimentally.

4.4 Data Taking Summary

The addition of the FPD will have little impact on back-
groundsat D@ or the overdl trigger rates, at most at thefew
percent level. Many handles exist to rgject backgroundsto
hard diffraction, and withearly dataan optimizedtrigger list
can beformed. Large datasamples can be obtained with lit-
tle background, and will alow us to study the full physics
menu discussed earlier.

5 CONCLUSIONS

For the next ten yearsthe Tevatron offersthe best possihility
to understand pomeron exchange and thetransition between
non-perturbativeand perturbative QCD. The additionof the
FPD would greetly increase the physics reach of the hard
diffractive physics program with no negative impact on the
current D@ physics program. The measurements of jetsand
particleswill be donewith theupgraded D@ detector, which
will be very well suited to this purpose. The FPD will be
used to ensure that large diffractive data samples are ob-
tained and that they can be divided into £ and |¢| bins. It
will alow accurate determination of pomeron structure and
hard diffractive cross sections, permitting usto greatly ex-
pand the knowledge of the field of hard diffraction.
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Hard Diffraction in CDF

Michael G. Albrow
Fermi National Accelerator Laboratory, P.O. Box 500,
Batavia, IL 60510

Abstract

Although QCD describeswell stronginteractionsinvolving
large momentum transfers (hard collisions) thereisa subset
which is not understood, namely color singlet exchange or
pomeron exchange. We have been studying this using de-
tectors very close to the beams (in “roman pots’) to tag the
pomeron.

1 INTRODUCTION

If one measures the momentum, p, spectrum of small an-
gle (anti-)protons a the Tevatron, dividing p by the beam
momentum to get the fractional quantity called Feynman-
x, rp, thedistributionhas apeak at z» = 1.0 dueto dastic
scattering. However inelastic collisions, which by defini-
tion have more particles than just p + p in the fina dtate,
show a distribution peaking up from a flattish distribution
extending to about xx = 0.95 to two orders of magnitude
higher by z very closeto 1.0. For example distributions
see Figs 13(a) and 14(a) of Ref. [1] These data were taken
in an earlier manifestation of roman pot detectors in CDF.
This inelastic peak is attributed to Single Diffractive Exci-
tation, SDE, in which one of the beam particles has been
diffractively dissociated (or excited to amassive state, mass
M) which breaks up to hadrons. Current thinkingisthat at
the high energies of the Tevatron elastic scattering is medi-
ated by the exchange of an entity called the pomeron. At
low energies the exchange of virtual mesonssuchas, pis
important but these die away as the center of mass energy
/s increases. We do not know whether it makes sense to
consider the pomeron as having awell-defined structurein
termsof quarksand gluons(likeall real strongly interacting
particles) but it is a good working hypothesis. In the early
days of QCD F.Low suggested that it is mainly two gluons
inacolorlessstate (asinglegluonisaways colored and ex-
changing it could not |eave the proton intact).

Single Diffractive Excitation can then be viewed as due
to the emission of apomeron from the p (e.g.) followed by
it interacting with the p. The pomeron carries amomentum
fraction¢ =1- 2 of thep andthen M = /£./s. Another at-
tribute of the pomeron isits 4-momentum-transfer-squared
t, which is always negative and is eguivaent to its mass-
squared. If weknow the (vector) momentum of theincident
and outgoing p the pomeron is tagged, and we know its ¢
and £. We can then do a Lorenz transformation to the c.m.
frame of the pomeron-proton “ collision” and study thefinal
hadronic state.

If the pomeron consists of quark and/or gluon con-
stituents they can undergo hard scattering on the ¢/g of
the proton and make high-Er jets. These were first ob-
served by UAS8 [2] at the CERN SppS Collider. By mea
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suring the jets, and knowing the structure function of the
proton (the ¢ and g distributions in terms of Bjorken-z =
Dparton/Dproton) WE CaN Measure the structure functions of
the pomeron (interms of 5 = pparton/Ppomeron). Actudly,
just by measuring jets we get some combination of ¢ and
g structure functions. Measuring another process such as
Drell-Yan lepton pairs from ¢g annihilation, W or heavy
flavor production will help separate these. A most impor-
tant questioniswhether the pomeron structurefunctionthus
obtained agrees with that found by probing it with virtua
photonsat HERA. These coupledirectly only to the charged
q and g in the pomeron. Even if the“soft” pomeron at very
low @2, the 4-momentum squared of the probing photon,
were purely gluonssome ¢ and ¢ would be present by “evo-
[ution” (eg. g — qq) inthe HERA measurements. Agree-
ment (or not) between Tevatron and HERA measurements
will tell us whether this quasi-particle paradigm is making
sense; how far can we pushit? Theorists, if they think about
thesethingsat all, usually consider the pomeron to be much
more complicated. But progress has been very slow. We
take an experimental approach. What isthe (Q2, 3) depen-
dence of the ¢ and g densities? Arethey dependent on |¢|?
Oron¢?

Single diffractive collisions producing dijets have an an-
tiproton (the CDF Run Ic pots were on the downstream p
side) near the beam rapidity (ypeam = Iny/s/m, = 7.5)
and then arapidity gap, i.e. no particlesin an angular re-
gion from about 7,42 10 Ypeamn. Here pseudorapidity n
= -In.tan? and N, = -Iné. A rapidity gap of 3 units
corresponds to £ = 0.05 or xr = 0.95. Thisistheregion
where diffraction (i.e. pomeron exchange) becomes domi-
nant. For smaller gaps or smaller xr other exchanges (vir-
tua 7, p) become increasingly important. This “boundary”
corresponds to an excited mass (the v/$ of the pomeron-
proton collision) which was 14 GeV at the ISR (/s = 63
GeV), 140 GeV at the SppS (/s = 630 GeV), and 400
GeV é the Tevatron. Here we can redlly get into therealm
of hard collisions, probing very small distances where the
notion of partons makes most sense. Because of the higher
energy compared to the SppS we have much larger rates
for jets and can go to higher jet transverse energies Er.
There is dso more rapidity available (which is better for
gap physics). All inal the Tevatron is much better than the
SppS (aswell asthefact that it till exists!).

One of themost sensitive variablesto the pomeron struc-
tureistherapidity distributionof the produced high Er jets.
For illustration, supposethat the 3 distributionis either soft
withlow-4 favored, (1—/3)3, hard with medium ;3 favored,
B(1-7), or superhardwith 5 = 1. Fig. 1 showsthe pseudo-
rapidity distributionsof jetsin these casesfor two M bands.
Tagging of the pomeron isneeded to measure thediffractive
mass M, or equivalently its boost.

However even without detecting the forward antiproton
one can use the presence of rapidity gaps to see diffractive
dijet signals and constrain pomeron structure. We had a
trigger in CDF which required two jets, both forward (6 <
20°,n > 1.8, Ep > 20 GeV). We then looked on the
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Figure 1. Rapidity distributions of diffractively produced
jets for soft, hard and superhard parton/pomeron distribu-
tions.

other side, where arapidity gap might be, at the number of
caorimeter towers (2.4 < n < 4.2) with ahit and the num-
ber of “Beam Beam Counters’ (3.2 < n < 5.9) with ahit.
Plotting these against each other, Fig. 2, one sees a special
class of about 1% of the events with no hits in either de-
tector, i.e. arapidity gap of 3.5 units, with a modest back-
ground which can be estimated from the rest of the distri-
bution.
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Figure2: Multiplicity of hitsin forward cal orimeter towers
vs. BBC hit multiplicity distribution, rapidity hemisphere
oppositetwo jets. Diffractive signal showsin bin (0,0).

This study findsthat the fraction of jets (in the kinematic
region defined above) which are diffractively produced is
[0.75 £+ 0.10]%; the jets have a similar E distribution.
Diffractive events have fewer third jets and the two leading
jets are better balanced than in non-diffractive events.

2 ROMAN POTSIN CDF: ROUND 2,DEC
1995-FEB 1996

In diffractive collisions the elastic or “quasi-lastic” scat-
tered antiproton stays inside the beam pipe for tens of me-
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ters. The longitudina momentum is either pyeq., (lastic)
Or Zr.Pyeam (SDE). The transverse momentum pr is ap-
proximately \/—t where |t| has a very steeply faling dis-
tribution: e’*. The slope b is about 17 GeV 2 for dastic
scattering and about 7 GeV —2 for diffractive scattering (al -
though thelatter dependson M). So nearly dl diffractively
scattered particles have angles less than 1 mr. To detect
them, and to get to small |¢| to get alarge part of the cross
section, theusua procedureisto use vacuum chamber pots
contai ning detectorsin the atmosphere which can be moved
very close (8¢ or 100) tothe circulating beams at the begin-
ning of arun. These are usudly called “Roman Pots’ after
the CERN-Rome group at the | SR which first used theidea.
(Sometimes we call our Run Ic pots“Tokyo Pots’ because
our Japanese collaborators made them.) These potshaveto
be placed where the machineiswarm. Possibilitiesfor CDF
on the outgoing antiproton side are:

o Infront of thefirst quadrupole Q4 (about 7 m). No mo-
mentum information and acceptance only for large |¢|.

e Before and/or behind the (warm) electrostatic separa-
tors between Q2 and Q1. Thereislittle space for pots here
with the existing machine configuration, although it is not
excluded that avery compact detector could beinserted and
in CDF we are presently looking at this possibility. D@ has
proposed [3] to move quadrupoles and expand the warm
space at theentrance and exit of the es-separatorsto put sets
of pots, 4 at each location. The acceptance of such detectors
goes dl theway to ¢ =0 but islimited to |¢t| > 0.5 GeV?
or so depending on beam conditions. A good festure of de-
tectors in this location is that they can be placed on both
beams, while there is only room for the dipole spectrome-
ter discussed below on the antiproton side (the machine is
asymmetric).

o Between the third and fourth dipoles (A48-3 and A47-
5), about 56 m from BJ thereisawarm space of nearly 3m.
The quasielastically scattered particles are bent more than
the el astic/beam particles and one can get essentially 100%
acceptance for them (even at zero |¢|, if £ > 0.05) by plac-
ing detectorsontheinside of thering inthehorizonta plane.
The acceptance doesextend to £ = 0 (low mass SDE or elas-
tics) for |t| valueslikethat of the quadrupolespectrometers.
However theratesarelow because, apart from the cross sec-
tionsbeing small the azimuth (¢) acceptance isreduced by
having asingledetector ontheinsideof thering. Itisinthis
short straight section that a group of us proposed [4] to put
a set of three potswith detectors separated by about 1 m. It
was proposed to the PAC in February 1995, still “subject to
the approva of the CDF Collaboration”, and the pots were
installed in the Tevatron the following September for com-
missioningin November, just in timeto get some good data
before the end of Run | in February.

There were threeidentical pots, shownin Fig. 3.

Each has atrigger scintillator 21 mm x 21 mm x 6 mm
read out by a H3171 PMT. Bundles of sguare (0.8 mm x
0.8 mm) SCSF81 scintillating fibers in = and y directions
gave these co-ordinates with about 120 pm precision. The
arrangement (see Fig. 4 was to have ribbons of 4-fibersin
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Figure 3: Top and side (particle's eye) views of one (of
three) pot detectorsin CDF for Run|c.

line (to get plenty of signal) which wouldgoto asinglepixel
of aH5828 Multi-anode PMT.

‘The ribbons of the SCSF81 fibers.

~ Theribbonsof fibers

21.9mm

Figure4: Arrangement of scintillatingfibersin apot detec-
tor.

Two staggered layers of these ribbons defined bins of
width 800/3 = 267 um depending on whether one or two
ribbons were hit. Precision aluminum fiber holders posi-
tioned the fibers to about 20 xm. The distance between the
active edge of thishodoscopeand thevacuum sideof the0.5
mm stainless stedl pot wall was 1.48 mm. After the beams
had been made stable and cleaned, the pots were were in-
dividualy moved in with their positionsread out by LVDT
devices. The alignment was at the level of 25 ym. It was
found that the pots could be moved in to adistance of about
10 mm from the center of the p-beam, which was (unfor-
tunately) the nearer of the two beams, without causing any
observeable extra backgrounds in the CDF and D@ detec-
torsand with areasonablerate in the potsthemsel ves (mea-
sured by S1.52.53 concidences). Our philosophy was to
(a) not ask for any specia beam conditions (b) be able to
keep the potsin for all CDF datataking. Getting as closeto
the beam as possibleis not the mgjor issue for thisphysics,
which is mostly high-M diffraction and the 6 = 0 particles
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are accepted inside the pot detectors. However some in-
crease intheacceptance to smaller ¢, £ isdesireableand will
be achieved in Run Il by inverting the polarity of the es-
separators. Thiswill shift the p beam some 3.5 mm closer
to theinside of thering. The “pot-p” beam center distance
will stay the same because thisis the dominant constraint.
Thep beam haloissmaller. Asaresult wewill get extraac-
ceptancetosmall ¢, £ in Run |1 without any modificationsto
the pot/detector.

During arun the “inclusive pot trigger” was based on a
coincidence of thethree pot scintillatorsgated by p-crossing
time . Depending on run conditions some 60-80% of these
events have exactly one 3-pointtrack in boththe x-view and
the y-view. Fitting straight tracks and measuring residuals
givesareativealignment check and confirmsabout 120 yum
resolution per detector.

The acceptance of the pot detectors can be understood

fromFig. 5
9 Sbetector acceptance: (1-x) vs.|t| 12
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Figure 5: Region of acceptance of pot spectrometer.

which showsthe plane¢ = (1 — xr) ~ M?/svs\/t ~
pr. Thisisfrom our proposa. Contours of fixed distance
fromthe beams are diagonal, so that the 10 mm limit shown
excludes the low-|t|, low-112 corner where the cross sec-
tion ishighest; however thisisnot so bad for theinteresting
high mass events. For £ ~ 0.45 the acceptance goes all the
way tot =0and at low |t] is100% (full-¢ coverage). Lines
of fixed dope § = dx/dz are nearly horizontal . 1 mrad
changeind corresponds approximately to 0.01 changein&;
the resolution is about % smaller. Data distributionsfrom
inclusive pot triggers show the behavior expected fromthis
figure, or rather from the acceptance A(¢, |¢]) together with
the known shape of the inclusive diffractive cross section.

Another instructive set of diagrams is made by selecting
antiprotons at various xy,t and al ¢ and plotting where
they hit the pot detectorsin z, y. Asxr decreases from 1.0
to 0.90 the |¢| = 0 point moves from being (obviously) co-
incident with the beam, to the | eft and entering the detector
10 mm from the beam by = = 0.96, a the same time the
contours of constant |¢|, which were approximately circles
a zr = 1.0, become focussed-down ellipses (major axis
horizontal). This dipole spectrometer has very good accep-
tance for x i less than about 0.96; if good acceptance at «



= 0.98 were required moving another mm or two closer to
the beam does not help much because particles with rather
small |¢| areall around the beam ... you start to need detec-
torsabove, below and on theright side (outsidethering) as
well. The quadrupole spectrometers now proposed by DJ
have U,D,L,R potsfor thisreason.

Thefact that cross sectionspeak sharply at |¢| = 0together
with thefeature that thispoint movesin z, y throughthe de-
tector with changing & provides a nice check or calibration
of the distance of the detectors from the unscattered beam.
A scatter plot of dxz/dz vs x for events with a single pot
track and a central vertex shows a sharply populated ridge
corresponding to [¢| = 0. Alternatively if we calculate the
distribution of |¢| we find a good exponential al the way
to |¢| = 0 only when the x distance of the pots from the an-
tiproton beam is correct. Noting that the position of the an-
tiproton beam can shift at thelevel of 1 mm fromruntorun,
thisisauseful check to apply. Beam Position Monitorsjust
downstream (as seen by the p) of the pots provide the pri-
mary information.

3 DIFFRACTIVE DATA WITH POTS

Commissioning of the pot detectors with beam started in
mid-November 1995 (Run Ic); after a short period at 1800
GeV themachine operated at 630 GeV until the end-of-year
shutdown. Thisrunwas important for us because it wasthe
energy of the CERN SppS run of experiment UA8 which
needed a direct comparison. Even though severa channels
of the fiber read-out were till not working for this (and
could not easily befixed dueto thelimited access to thetun-
nel), we obtained very useful diffractive dijet data thanks
to two facts: (1) the acceptance in £ isthe same at 630 and
1800 GeV but the acceptance in |t| comes down by the ra-
tioof p?, .., SO we accept larger cross-sections (2) Features
such as the g-distributions in the pomeron can be studied
independently of details of the acceptance for the forward
p. We have about 1000 events with a pot track + two jets
above 7 GeV which are now being studied. For the 5-6
weeks of 1800 GeV running in 1996 the problems of dead
channels were fixed. We took data with a“pot inclusive”
trigger heavily prescaled and pot + dijet triggers, the tota
rate being limited to a few percent of the total CDF trig-
ger rate by decisionson overall physics goals. However we
werelucky to profit fromtwo daysof special low luminosity
running for experiment E811 when we got internal priority
in CDF and collected severa million diffractive events, in-
cluding 2500 with two jets above 10 GeV in Er. The Er
spectrum of the diffractive di-jet sample is extended above
25 GeV using the more exclusive trigger and the higher lu-
minosity data set, but care is required to select singlein-
teractions (vertex requirement) especialy at high luminos-
ity. These events are “gold plated” in that the pomeron is
tagged, one can transform events to the pomeron-proton
c.m. frame and derive (3 for each event. That distribution
can then be corrected for the acceptance, effectively con-
voluted with the 5-dependence of the hard scattering cross

54

section and known parton distribution in the proton, to ex-
tract the S-distribution in the pomeron.

4 WHAT DID TEVATRON (CDF+D@ )TEACH US
(SO FAR)?

o Rapidity gaps (especially as an excess of eventsin “bin
0") are established as a signature of diffraction. Observing
the edge of the gap with forward detectors gives £, approx-
imately, but ¢ is unknown.

e A superhard pomeron exists, jet-gap-jet configuration.

o Singlediffractiveexcitation of dijetsat thelevel of 1%
of al dijetsroughly independent of Er is confirmed.

e Singlediffractive excitation of W+ has been observed
by CDF, dso a the level of about 1%. From this and the
rate of dijet production we can conclude that at Q2 ~ 103
GeV? thefraction of the pomeron’s momentum carried by
gluonsis about 60+30 % gluons.

e SDE of heavy flavors (b, ¢) has been observed.

e There is evidence for dijets in double pomeron ex-
change. In CDF these events have a pot track, two central
jetsabove 7 GeV, and a“bin-0" excess on the oppositeside.
In D@ they have gaps on both sides.

Most of these studies are on-going, and DJ are a so very
activein thefield (seethetalk by A.Brandt).

5 WHAT WEWOULD LIKE (AT THE
TEVATRON)

Accepting at least provisiondly the paradigm pomeron =
quasiparticle with mass = +/|t|, we would like to measure
itsfull structure functions:

9(8,Q% 1,€)

and
(8, Q% 1,€)

e Any apparent dependence on ¢ islikely to be dueto a
varying admixture of non-pomeron reggeons. Data at dif-
ferent /s and ¢ could help to sort this out.

o No dependence of the structure on ¢ is expected but
who knows? A comparison near ¢t = 0, medium and large
|t| should be made.

o ()2 dependence should be given by QCD evolution
(DGLAP) and is a very important test, but the range of
In(Q?), defining Q? = E2 eg., islimited.

e [3-dependence is perhaps the most interesting issue at
the present time. Isthere a“superhard” component which
UAS8 claimed caused 30% of thetime the entire momentum
of the pomeron to participate in the hard scatter (5 ~ 1)?

e We must resolve the issue of pomeron “flux” and
its normalization by comparing SDE and double pomeron
cross sections, and HERA measurements.

6 IMPROVEMENTSFOR RUNIII

6.1 Pot Spectrometer

We are proposing to use the same dipol e spectrometer that
wehadin RunlcinRun Il. However wewill be able to get



about 3.4 mm closer to therelevant p beam by inverting the
polarity of the electrostatic separators around BJ , which
in Run Ic had the more intense and larger p beam closer
to the pots. Hopefully autocleaning techniques will alow
the pots to be kept in throughout normal CDF/D@ data tak-
ing at a distance of order 8-10 ¢ horizontally. At the Near
Beam Symposium | mentioned some possible detailed re-
finements: modifying thefiber/pot assembly to gain afrac-
tion of amm; having different standard positionsaccording
to beam conditions; having a fiber-driven trigger processor
toselect A(, t); etc. Sincethen, wehavedecidedtoleavea
well-working system alone, and just to profit from flipping
the e-s separator polarity.

6.2 Miniplugs

The present plug calorimeters in CDF will be replaced by
improved plugsextending downtod = 3° or , = 3.6. Further
coverage isvery important for forward gap physics, and we
have proposed “miniplugs’ to extend the coverage to about
0.5° or n = 5.3. These will be cylinders of lead plates with
liquid scintillator read out by wavelength shifting fibers to
multi-anode pmts. This scheme gives excellent transverse
spatial resolution alowing good rapidity-gap-edge defini-
tion. The proposa still has to be endorsed by CDF and fi-
nanced.

6.3 Beam Scintillator Counters

We would like to extend the detection of particles, and
hence of rapidity gaps, over as much as possible of the re-
gion between the holein the miniplugsand the dipol e spec-
trometer 56 m downstream (also on the East side where
there is no warm space for a dipole spectrometer). This
could be (at least mostly) done by small lead-scintillator
sandwiches in mini-pots moving in as close as possible to
the beams near 7 m from B before thefirst (cold) quadru-
pole. Such mini-potswere used to maximize the coverage
inatotal cross section measurement [5]. However asimpler
scheme, whichwould have the (probably important) advan-
tage of not intruding into the vacuum pipe, is to fit BSC
= Beam Shower Counters closely around the beam pipe at
four locations (for the p side: entrance to first cold section
at Q4, exit of Q2, entrance of Q1 and exit of A48-3 dipole.
Together these counters should have a high probability of
detecting showers caused by the high momentum particles
hitting the vacuum pipe and interacting. They may not be
100% efficient as rapidity gap detectors, but they are cheap
and simple and their performance can be studied using cor-
relations with the dipole pot spectrometer. They could be
very useful in cleaning up double pomeron exchange can-
didates on the East side, where there is not space for a pot
spectrometer.

6.4 Triggers

Note that ALL recorded CDF events
(W, Z, top, Higgs, etc!) read out the pots (and other
very forward detectors) and so we can study the diffractive
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component of these events without specia triggers. How-
ever atrigger with (e.g.) two 20 GeV jets has such a high
cross section that it isheavily prescaled, but if one requires
apot track in additionwe can remove or reduce theprescale
factor and get much more statistics on pot+dijet. Rapidity
gaps can aso be used effectively in diffractivetriggers, but
it isvery important to back them up by data setsthat did not
require the gap in order to study the signal:background. In
fact al components of any multi-component trigger should
be run aone and in combinations, right down to the totally
inclusive beam-crossing trigger. (One can select single
vertex events and use this sample for monitoring detector
behavior as well as for minimum bias and soft diffractive
physics.) InRun Il rapidity gapsinthetrigger will have the
extra benefit of vetoing multiple interactions, which will
be of little or no value for diffractive studies. The aim of
a good set of diffractive triggersisto do lots of additional
physics without affecting the rest of the program except at
the few percent level in tape written and events to analyze.

6.5 Experience

Last but not | east, the experience gained during Run Ic and
the physicswe will have learned (when the analyses are al
complete!) will hopefully together help us to ask, and an-
swer, the important questions quickly. | would like to note
here the great value of close collaboration between the ex-
periment/detector side and the accelerator side, as stressed
by this Near Beam Workshop, and in our particular case by
having Craig Moore working with us.
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Abstract with a single stack of antiprotons, the antiproton current
varies from 80 mA to about 5 mA. The E835 jet target has

The hydrogen Jet Target for Experiment 835 the capability of varying the density from 1}foto
(Charmonium spectrqscopy) at the Fefm"ab Antipraton 3.2-13"4 atoms/cc, which provides a constant luminosity
Accumulator can provide a variable density cluster stream 1L oD] s

4 . . of 2:131 cmZs during most of the run. Those values
up to 3.2-18%4 atoms/cc in order to allow an instantaneous d o b 4 with K density of %810
luminosity greater than 2-38 cnt2s'L. This result can be Noco 0 € compared With a peak density o

hieved due to the heli i ted ; : atoms/cc reached for E760. At the same time, the jet
achieved due to the helium reirigerated expansion Stagf, 4 maintain the characteristics of excellent spatial

which provides the cluster stream and due to the pumpil@inition and a low background gas level
and the alignment system which significantly lower the The upgrade program, carried out by the Fermilab

background gas. Details on the construction and t esearch Division and Genova |.N.F.N. section, required
performances, measured in the laboratory and during tg,siantial modifications to the former E760 system.
run, are discussed. These modifications include:
(1) Lowering the stagnation temperature of the
1.INTRODUCTION hydrogen gas supplied at the jet source nozzle such

The use of internal gas jet targets in high energy that the density of the hydrogen jet stream is
physics experiments [1] provides a source of interaction increased.
with unique characteristics. Its main feature resides in tf&) Improving the system pumping speed acting on the
efficient use of the particle beam coasting in the storage vacuum chamber in which the gas jet is located. This
ring: this is most important when the beam requires a long  reduces the interaction rate of the antiproton beam
time and high cost to be accumulated and maintained, as Wwith the background gas associated with the jet
in the case of antiproton beams. stream.

The main problem arising with the use of interna(3) Controlling the source position in the plane normal
targets is their effect on the beam lifetime and properties  to the jet stream and its angular position. This results
(such as size and momentum). The development of in a perfect alignment of the jet stream with respect
stochastic cooling techniques applied to horizontal and  to the antiproton beam. This minimizes the quantity
vertical betatron oscillations and to momentum of gas which enter the Antiproton Accumulator, but
(synchrotron) oscillations led to excellent results in recent  is not directly absorbed by the sink system: this
years. In particular, hydrogen jet targets were built by the  constitutes the background gas.

Genova I.N.F.N. group for experiments R704 [2], PS202
[3], PS210 [4] at CERN and for E760 [5] at Fermilab. This paper is organized as follows. Section 2 outlines

The success of the E760 program led to the decisionsome properties of cluster jet targets and describes how
begin a new experiment identified as E835 [6]. Théhey are produced through gas expansion in a properly
antiproton beam is produced in the Fermilab Antiprotoshaped nozzle. Section 3 deals with the central point of
Source. A 120 GeV proton beam focused on a fixete program upgrade, describing the differential pumping

target yields approximately one antiproton for ever§ 10System of the machine and the temperature and pressure

hi id . b I d control of the gas jet system. The method used to measure
protons. Roughly 8-1¢- antiprotons can be collecte Jet flux and speed, required for determining density, is
over a period of 24 hours. With this quantity o

. : e . also described. Results from these measurements are used
antiprotons circulating in the Antiproton Accumulator, th

&o draw conclusions on actual system performance.
beam has a current of 80 mA. In the absence of the Y P

hydrogen gas jet stream, the antiproton beam lifetime is

around 400 hours. During experimentation an interaction 2. THE JET SOURCE

rate of 1.4 MHz between the jet stream and the antiproton The gas jet used for the E760-E835 target belongs to

beam is chosen resulting in a beam lifetime of about 3be so-called "cluster jet" type, in which the core of the jet

hours. is made up of micro droplets, or "clusters" of condensed
In order to maximize the amount of collectable datanatter (in our case hydrogen).

the interaction rate is kept constant. While taking data
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The cluster jets are produced through expansion of a
gas through a convergent-divergent nozzle in condition of
high pressure and low temperature (see Fig. 1). The
sudden decrease in pressure and temperature caused by

Hozxzle

F..T.

expansion sets the gas in a supersaturated state and favors
the formation and growth of clusters whose size may vary

from 107 to 108 molecules[7].

cluzter growth

Fig. 1: Condensation and formation of the cluster stream, due to the adiabatic expansion of the gas inside the trumpet

shaped nozzle.

Despite the complexity of the condensation process, a
qualitative treatment is possible using thermodynamic
equations for isentropic expansion [8]:

_ -1
T=T0Ell+—y21|v|2%

O
1 L
- -1
P=Rd+img’

1
_1 ___1
p=pd+L=mp

where Pg, To and pg are the initial gas pressure,
temperature and density, defined by the nozzle status; P, T
and p are the gas conditions during the expansion; M is
the Mach number and y=cp/cy.

From the previous formulae it can be seen that for
suitable values of Pg and T the point representing the

state of the gas in the P-T diagram can move into the
liquid side of the saturation curve (Fig. 2 [7]), thus
starting the condensation process.

i
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Fig. 2: lsentropic curve for a particular expansion and
transition curve on the pressure and temperature plane.
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The clusters congtitute the core of the gas flow exiting
the nozzle. They show the remarkable property of having
a very narrow speed distribution, which cause them to
form a high density jet with directional spread within a
smal cone (few degrees) around its axis (for the
experiment we use only a fraction of this angular range;
the remaining gas needs to be pumped out). This feature
can be enhanced by choosing an appropriate shape for the
nozzle. Best results have been achieved with trumpet-
shaped nozzles: this is therefore the shape we chose as
well. Our nozzle has an opening angle of 3.5°, a divergent
length of 8 mm and a throat diameter of\.81.

The working points for the nozzle pressure (P) and
temperature (T) are based on the following factors. It is
sensible to expect that, for a given pressure, the core of
the cluster stream becomes denser as the temperature
decreases. Therefore, to increase the gas jet density, with
the minimum background, one should increase the
pressure and decrease the temperature, but avoid the
phase transition. The saturation curve is the upper border
which limits the pressure for a given temperature. This
border defines the curve to be followed to achieve the
higher jet densities (Fig. 12).

To be able to use the jet as a target inside a storage
ring, one has to isolate the cluster jet stream from the
remaining ("background") gas exiting the nozzle. The
primary reason is to prevent large quantities of gas from
entering the accumulator pipe, where a high vacuum must
be kept at all times. This is achieved by making use of a
differential pumping system (Fig. 3), with the jet crossing
a series of chambers which are independently evacuated.

The dimensions of the jet at the interaction region (7
mm) is set from the skimmer between the second and the
third chamber (see "second skimmer" in Fig. 6), which,
having an aperture diameter of 4.3 mm, selects the dense
core of the jet (1.5°). The first skimmer eliminates most of
the gas exiting the nozzle, selecting a jet angle of 3°; it
has a diameter of 1.4 mm. It has been possible to
minimize the conductance of this skimmer, and the
background gas as well, by the use of the nozzle
alignment system: horizontal, vertical and angular
movements are allowed. An ion gauge, mounted on the
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Fig. 3: Schematic of the seven chamber differential pumping system.

geometrical axis of the vacuum chambers and located in
the last recovery chamber, helps the alignment of the jet.
In table 1 [9] is written the conductance of each skimmer
and diaphragm between the chambers.

3. GASJET SETUP

Pumping system.

The configuration of the pumping system is the result of
atrade-off between the need to have high pumping speeds
and the space limitations imposed on the Jet Target by the
presence of the E835 detector just downstream of the
interaction point (Fig. 4).

Fig. 4: The detector of E835 in the region next to the jet
target.

Ten turbomolecular pumps (TMPs) are insalled
directly onto the chambers. Eight of these have a capacity
of 1000 L/s and two are rated for 3500 L/s. The actual
pumping speed in each chamber has been measured by the
use of a calibrated hydrogen flow (see Table 1) [9]. The
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conductance of the skimmer and diaphragms between
chambers have been measured with the same method as
well.

Due to the low compression ratio of the
turbomolecular pumps for hydrogen, the pumping system
has been designed to avoid limiting the pressure in the
high vacuum zone of each pump due to the rough vacuum
pressure. To achieve this result, two additional
turbomolecular pumps are used as booster pumps
downstream of the pumps on the 32, J3, AAL, AA2, R1,
R2 and R3 chambers. Also included are three positive
displacement blowers and two roughing pumps (see
Fig.5).

Hydrogen supply line.

To control the hydrogen gas pressure at the nozzle
inlet, a multiple loop controller is used. A high
performance pressure transmitter provides the pressure
reading to the controller. An electromagnetically operated
flow control valve is then positioned by the controller in
order to maintain the gas set pressure. The operating range
is 3 - 120 psiawith aprecision of 0.5 psi.

Before entering the refrigeration system, the hydrogen
gas is purified by mechanical filters and a liquid nitrogen
cold trap. This is to avoid plating contaminants in the
refrigerated hydrogen circuit and to prevent the small
aperture of the nozzle from becoming partially or
completely clogged.

Temperature control.

The nozzle through which the Ho passes is located
inside the J1 chamber (Fig. 6)[10]. The cooling is
achieved by the use of a two stage helium cryocooler,
commercialy rated for OW at 20K. The coldest second
stage extension is thermally coupled to a copper spool
through which the hydrogen gas flows: here it is cooled
down to its stagnation temperature before expansion. The
nozzle is kept in place by a metallic support (nozze
holder): this is thermally coupled to the spool by copper
cables to ensure mobility of the nozzle.

All of thisis enclosed in a vacuum tight structure. To
reduce heat transfer by radiation from the shell walls to
the nozzle and coldfinger of the cryocooler, shields cooled
with liquid nitrogen are installed. The cryocooler



Pumping Speed for N2

Pumping Speed for Ho

Conductancefor Ho

SJ1 = 1180 lit/sec

SJ1 = 1450 lit/sec

SJ2 = 650 lit/sec

Cr1-Jo < 2lit/sec

SJ3 =480 lit/sec

SJ3 =660 lit/sec

CJ2-J3 =6 lit/sec

SaA = 115 lit/sec

SaA =520 lit/sec

CJ3-AA = 25 lit/sec

SaA1 = 520 lit/sec

SR3 =700 lit/sec

CAA-R3 =40 lit/sec

SpRro = 740 lit/sec

CR3-R2 =100 lit/sec

SRr1 =1130 lit/sec

SRr1 =2350 lit/sec

CRr2-Rr1 = 150 lit/sec

Table 1. Measured values of the pumping speed (N2 and Hp) and conductance (H2). These pumping speeds are

measured for pressures below 5010*torr | The AA pumping speed during the test was limited by the system used for

the cluster-jet shape measurements.

extension (whose temperature can reach values as low as
10K), has installed another shield around it and is cooled
to about 50K by the first stage of the cryocooler.

The cooling and expansion stage is located just
upstream of the J1 chamber radiation shield. This shield
decouples the nozzle holder from the radiation heat
transfer. Furthermore, cooling the gas around the nozzle,
it reduces the mean energy transferred to the cluster for
scattering processes. This virtualy eliminates the
evaporation of Ho molecules from the clusters.

The nozzle is nearly the coldest component of the
hydrogen circuit. As pointed out in section 2, the useful
working temperature range of the nozzle for data taking is
from 15K to 40K. The sensitivity of the temperature
control in this range is better than 0.01K. The nozzle
temperature is sensed with a calibrated germanium
resistance thermometer located on the nozzle holder. The
Sensor is positioned in a cavity whose dimensions create a
close diding fit with the sensor. A vacuum grease with
good thermal conductance is used to minimize the contact
resistance. A 16 bit temperature controller reads the
nozzle temperature and provides an analog voltage output
to a heater foil wrapped around the nozzle coupling spool.
The result is a difference of about 2K between the cooler
spool and the nozzle holder, due to a 2W heater load on

rate such as the beam current, vary with the time scale of
hours. The noise isinsignificant.

Given thiskind of contral, it is possible to maintain the
density to within 20%.

Measurements of the Density and Flow of Background
Gas.

To determine the jet density, the three parameters

which are in the following formula have been
independently measured.

— Jet

A VA A
P AT (31)

The cross sectional area of the jet in the interaction
region depends only on the geometry of the skimmer
system. The conical shape of the jet is defined by the
aperture of the skimmer between chambers J2 and J3 (Fig.
6) and from the distance of the latter to the nozzle. A
direct measurement of this area has been made by passing
a needle through the jet. The clusters which strike the
needle at room temperature evaporate completely. Using
an ion gauge, it is possible to record the consequent
pressure increase in the interaction region and to therefore
define the spatial width of the jet. Due to the “L” shape of
the needle used,

the area has been measured both

horizontally and vertically, verifying that its shape is
indeed circular. It has also been shown that the jet shape
does not vary by changing the nozzle temperature and
pressure (Fig. 7).

the latter.

The time response of both the temperature and the
pressure control has been designed to be around 10 sec.
Other parameters, which have an effect on the interaction
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Antiproton Beam

TMPAA | TMPAA2

H2 Line 100 |AA| 1000
o (©
k1 ~ ! ~ R1
Gas Jet ‘ y
== __ J 2] 3l [mTr ‘Q
— H2 Jet Stream - /|
|

| ]
T T l
© ] Q@ ¥ @ e @ ©

lq 1 10|00 3500 _(?00

Blower I
WAU1001

8§
_‘
O:U

Turbo
I Blower Booster |
RA 5001 Turbo
Booster
I
260
Roughi
%ﬂ?n;)ng Roughing
N il
@ > \/ent

Fig. 5: The Jet Target Pumping System. The structure has been designed to prevent limitation of the chamber pressure
by the compression ratio of the pumps.

440 nm

Fig. 6: Hydrogen Gas Jet components located in the J1 Vacuum Chamber.

60



Jet Shape Jot Shape

H2 line pressure 0.34 bar H2 Hine pressure 8§ bar
at 20 K . st liquid nitrogen
s‘o'. ........... 1.B1o rrrrrryrrrrryrrrrrrrrrrrrrrrrrrrr

: o, Nozzle 37 um ] 16 105 ...“‘. Nozzle 37um |

3 - 4 L]
— oL . p — . . .
5“°. * . 51.4105— . . .
— I . L] - . » .

[ . =208 . .
; 3 10} . p (3 .
i [ : 3 10105} . ]
& 1 . ¢ . .
s 2 10° . B 28010 N k

[ Skimmers Center

[ . ] : 8.0 10—6 - . Skimmers Center m

110 - n .
[ . ] 4.0 106 B . B
sacssnse? ses E o o 2 seepws Ceserre e e
J 20106 £ Al
o Mt AN Y SE NS W
-8-7-6-5-4-3-2-10123 456 78

-8-7-6-5-4-3-2-10 12 3 45878
needle X Position [mm)

(@ (b)
Fig. 7: Density distribution of the jet in the region of intersection with the antiproton beam. a) shape at 20K, 0.34 bar; b)
shape at 77K, 8 bar.

. . A
The value obtained for this area is "¢ = (39 + , _ [2RO ¥V O
o= \,W -
0.5)-10° m? (diameter ~ Tnm). The flow % has been DVLlD

determined using the equation;

needie x pos.[mm]

where W = 2.016 103 Kg/mole , T is the nozzle
_SIP : ;
¢Jet—m (3.2) temperature, R is the universal gas constant and

The pressure, P, is measured inside chamber R1 as this' ¢°/% (for molecular hydrogen at low temperature
is where the cluster jet is destroyed; the pumping speed,gual to5/3). Fig. 9 shows the results.
has been previously determined; T is room temperature; For temperatures lower than 20K, the experimental
and, R is the universal gas constant. The pumping speedhisints are very different from the theoretical trend
R1, as in each chamber, has been measured by the use gé¢ause the pressure at which the hydrogen passes from
calibrated hydrogen flow (see Table 1), using agaifas to liquid is lower than the pressure for observing the
equation 3.2. speed saturation. For these values of the temperature, Fig.
, 9 shows the maximum speed measured. The upper limit in
An independent measurement of the flow has begRe width of the speed distribution has been estimated at
done by integrating the distributions in Fig. 7. The twa.10os.
errors. in AA have been plotted for various pressures. Fig 10
._shows one of these plots at a constant temperature of 25K.
The cluster speed has been measured by determinfgsice the trend of the curves. In choosing operating
the time of _fI|ght from the interaction area to R1. Thisygints for the jet target, pressures and temperatures
!ength (basis of the measurement) Is 850 mm. T_ sulting in the characteristic peaks are preferred.
instrument useql was a chopper m_stalled on the jet. Using Changing the nozzle pressure and temperature
a lock-in amplifier, the phase difference between th?é:rcording with the trend described in Section 2, it is

modulate signal in R1 and a trigger has been measured _ _ N
different values of the chopper frequency revolution. ~ possible to achieve densities from Teatoms/ce to
The time of flighttOf is given by: 3.2-1014 atoms/cc. This is more than a factor of 5 higher
s 1 1 d(Acp) than the maximum density reached in E760
f =
2360 (6-1013 atoms/cc).

where 4@ is the phase difference arfd is the Considering the width of the density distribution (Fig.
revolution frequency of the chopper. 7), it is possible to plot the density distribution in

Figure 8 shows the typical trend of thg cluster Speeﬁ{oms/cn% (Fig. 11).
for a constant nozzle temperature, changing the pressure.
It is possible to see that, at T=30K, for values of the
pressure greater than 20 psia, the speed saturates.

It is possible to compare these results with the value
given from the Kinetic Theory:
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Fig. 12 shows the nozzle temperature and pressure
chosen and the corresponding density values. These
conditions have been reproducible throughout the last 9
months of running.

From the pressure inside the Antiproton Accumulator
we know that the diffused gas along the entire length is
about 5% of the gas which constitutes the target. In other
words, 95% of the interactions occur in the interaction
area monitored by the final state detector. This is a great
improvement as compared to E760 for which the diffused
gas percentage of 40%.

Adjusting the temperature and pressure according to
the conditions shown in Fig. 12, it is possible to keep the
instantaneous luminosity of the experiment at a constant

value, typically 2.181cmidsl (Fig. 13).
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BTeV/CO

Daniel M. Kaplant
IllinoisInstitute of Technology, Chicago, IL 60616, USA

Abstract

The physicsgoal sand techniquesof the proposed BTeV ex-
periment at the CO Tevatron interaction area are summa-
rized, with emphasis on aspects of the experiment that de-
pend on near-beam issues. BTeV aimsto carry out a com-
prehensive study of rare processes (especialy CP violation)
in charm and beauty decay starting in collider Run I1. Ver-
tex detectorswill be deployed withinafew mm of thebeam.
Early running may employ awire target in the beam halo.

1 INTRODUCTION

The BTeV collaboration is proposing to carry out a ded-
icated heavy-quark collider experiment in the CO interac-
tion region at the Tevatron. The main goals of BTeV areto
search for CP violation, mixing, and rare flavor-changing
neutral -current (FCNC) decays of b- and c-quark hadrons
at unprecedented levels of sensitivity. Each year of BTeV
collider operationisexpected to produce O(10'!) b hadrons
and O(10'2) ¢ hadrons, to be compared with ©(107) of
each available a the ete~ “B Factories’ and O(10°) b
events per year at the HERA-B fixed-target experiment.
The BTeV spectrometer is being designed to make optimal
use of the produced sampl es, avoiding many of the compro-
mi ses necessary in general-purpose detectors.

The rationale for sensitive b-quark studies has been dis-
cussed extensively [1]-[3]. In anutshell, the goa isto test
thoroughly the K obayashi-Maskawa (KM) [4] mechanism
— the Standard-Model explanation for CP violation —in a
regime in which large effects are expected, as opposed to
the O(10~3) effects observed in the K sector [5, 3]. The
KM model, while compatible with all known experimental
evidence, is not unique, and it is appropriate to regard the
origin of CP violation as a key unsolved problem of con-
temporary science. The baryon asymmetry of the universe
leads usto think [6] that CP viol ation beyond that predicted
in the KM model should exist [7]. The over-arching ques-
tionin particlephysicstoday is, what “new physics’ under-
lies the Standard Model 7 It is possible that K° CP viola
tion arises in part or even entirely from physics outside the
Standard Mode, in which case it is the only new-physics
signature that has already been observed.

Many experiments now seek to address thistopic. The
B-Factory and HERA-B groups are vying to be the first
to observe CP violationin B decay, and the CDF and DO

1For the BTeV Collaboration

2The Standard Model, while consistent with all established experimen-
tal results, hasmore than twenty free parameters (thelepton masses, quark
massesand mixing parameters, coupling constants, Weinberg angle, Higgs
mass, etc.) and thus is generally considered to be only an approximation.
New physical effect(s) yet to be discovered are presumed to determinethe
values of these parameters.
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groupsarenot far behind. However, itislikely that these ef-
forts, while adequate to observe effects, will not suffice for
the thorough investigation that the importance of the topic
demands.

High-sensitivity charm studies are complementary to
beauty studies. In the Standard Model, CP violation, mix-
ing, and FCNC decays, al relatively large in beauty, are
drastically suppressed in charm [8]. Any contributionfrom
new physics will thus stand out dramatically. For exam-
ple, new physics might be Higgs-like and couple to quark
mass [9], or might couple more strongly to “up-type’2 than
“down-type’* quarks [10]. In such scenarios, charm has
the biggest new-physics signal -to-background ratio of any
guark. On the experimenta side one has (compared to
beauty) large production cross sections, large branching ra-
tios to final states of interest, and straightforward tagging
viathe D** — D%t decay chain. The experimental ap-
proach taken by BTeV, featuring aprimary trigger based on
the presence of secondary vertices, naturally provides high
charm and beauty sensitivity simultaneously. We can thus
carry out a“two-pronged assault” on the Standard Model.

2 STANDARD-MODEL CPVIOLATION
2.1 The CKM Quark-Mixing Matrix

The KM mechanism for CP violation invokes a non-zero
phase in the Cabibbo-K obayashi-Maskawa (CKM) quark
mixing matrix [11, 4],

|

Thematrix V' parametrizes the coupling of the W bosonsto
the quarksin away that allows the generations to mix. For
example, instead of coupling thewu quark only tothed, W+
emission couples the u to the linear combination

Vaudld) + Vius|s) + Vs |b)

with similar expressions for the couplings to the ¢ and ¢
quarks. Thisgeneration mixing providesan explanation for
the observed non-stability of the s and b quarks.

As is well known, for two generations of quarks, the
guark mixing matrix isreal and has one free parameter, the
Cabibbo angle [11]. Being unitary, for three quark genera
tions the matrix depends on only four independent param-
eters, including one non-trivia phase [4]. Certain decays
can occur via more than one Feynman diagram in such a
way that the interference term between the diagrams con-
tainsthisphase. When thedecay widthfor suchareactionis
compared to that for the CP-conjugate reaction, the depen-
dence on the CKM phase (whose sign changes under CP)
can result in a CP asymmetry, e.g.

Vaud
Vea
Via

Vtu,s Vtu,b
‘/cs ‘/cb
V;‘/s V;‘/b

I'(B— f)-T(B—¥)

A= —
B — f)+I(B—f)

#0,

3i.e, thew, ¢, and ¢t quarks
4i.e, thed, s, and b quarks
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Figure 1: The “unitarity triangle” for couplings of the b
quark, expressed interms of the ), p, and n variables of the
Wolfenstein parametrization [12] of the CKM matrix.

which will depend on the decay timeif the interference in-
volves BB mixing.

The unitarity of the CKM matrix further impliesthat the
product of any two of itsrowsor columnsbezero. Onesuch
relationshipis

VudViy + VedVey, + ViaVi, = 0.

This relationship constrains mixing rates and CP asymme-
triesin variousdecays of beauty hadrons. Sinceit statesthat
three complex numbers sum to zero, it can be visuaized as
defining atriangle in the complex plane (Fig. 1). Because
(unlike the case in the K° and charm sectors) the sides of
this triangle are al roughly similar in length [2] (Fig. 2),
the angles are expected to be large. Since the angles deter-
minethe CP asymmetries, these should beuniquely largein
beauty decays.

2.2 Sudying the Unitarity Triangle

The task of verifying the KM model then reduces to mea-
suring enough of the mixing and asymmetry parameters to
prove that the triangle is indeed closed, i.e. that its angles
and the lengths of its sides are consistent. In addition it
must satisfy constraints from CP violationin the K° sector
(Fig. 2). Ideally onewould make enough different measure-
ments to verify that all decays constrained by the unitarity
triangle satisfy the congtraints. This task is made difficult
by the small branching ratiosfor interesting B-hadron final
states(eg. 1.7x 1075 for By — J/vKs — ptpu~ntr7),
thus a large bb production cross section is required. Since
op; ~ 100 ub at /s = 2TeV, the Tevatron collider is a
natural venue for such studies.

The angle  can be determined from the CP asymme-
try in By — J/v¢Kg with essentially no theoretica uncer-
tainty. Since thismode al so has a clean experimenta signa-
tureinthe .J /¢y — dileptons decay and (compared to other
modes with large expected CP asymmetries) a relatively
large compound branching retio, it is sometimes called the
“golden” modefor B CP violation. ItsCP asymmetry isex-

67

Excluded by
Bs mixing - _

0.8

0.6f-
04f

0.2

Figure2: Current knowledge of the CKM triangle, based on
experimental constraints on the lengths of its sides from B
decays, and on the position of itsapex from thee parameter
of K° CP violation, with estimated 1o error bands.

pected [2] to be ~0.5 in the Standard Model and islikely to
be measured by ~~2002 in the next round of experiments.

The other two angles of the unitarity triangle are consid-
erably harder to determine. It is often stated that o is mea-
sured in By — 777 ~. The measurement suffers from sig-
nificant drawbacks. Firgt, the branching ratio is small (<
1.5 x 1075 a 90% C.L. [13]) and has yet to be definitively
established. Second, thelarger branching ratio observed for
B; — KT~ [13] imposes stringent experimenta require-
ments on hadron i dentifi cation and mass resolutionto allow
adequate suppression of K7 background, and also implies
asignificant contributionto BR(B; — w7~ ) from pen-
guin diagrams, whose CP asymmetry is difficult to relate
to CKM angles. Nevertheless, the measurement of the CP
asymmetry in By — w7~ will be an important step for-
ward and will furnish a significant constraint on model's of
CP violation.

Various methods of determining ~ have been discussed
and have various advantages and drawbacks. A promising
method appears to be comparison of branching ratios for
Bt — ‘DY K+ and B~ — ‘DY K [14]. Both of these
can occur viatwo processes that interfere, namely BT —
DK+, DO — K*+7x~ and Bt — DK+, D — K+x~
(and charge-conjugates). Sincethefirst proceedsviab — u
conversion while the second includes a doubly Cabibbo-
suppressed D° decay, both are highly suppressed processes,
leading to the favorable situation where the interference
between them can have a relatively large effect (of order
unity) on branching ratios. On the other hand, the branch-
ing ratiosfor these modes are expected to be O(10~°). An-
other method is via the mixing-induced CP asymmetry in
Bs(Bs) — DTK™; this measurement will require excel-
lent decay-time resol ution given the rapid expected B, B, -
mixing oscillations.

We see that a compl ete test of the KM model will require
very large B samples. Only hadroproduction can supply
such large numbers of events. Furthermore, since several
of the decay modes of primary interest are to all-hadronic



fina states, a significant physics penalty is paid if the typ-
ical B trigger, requiring high-p; leptons from semileptonic
or B — J/v decays, is employed. We are thusled to the
BTeV dtrategy: afirst-level trigger based on decay-vertex
reconstruction.

BTeV'’s sensitivity has been estimated [15] as £0.04 in
sin 23 and (ignoring penguin contributions) 0.1 in sin 2.
These are for oneyesar of running at the nominal luminosity
of 5 x 103! ecm~2s~1. We are invegtigating our sensitivity
to v and also the possibility of running at higher luminosity.

3 NON-STANDARD-MODEL CP VIOLATION

A variety of extensions to the Standard Model (SM) have
been considered in which CP-violating phases can arise
elsawhere than in the CKM matrix. Possible non-Standard
sources for CP violationinclude additional Higgs doublets,
non-minimal supersymmetry, massive W's with right-
handed couplings (“left-right-symmetric’ models), lepto-
quarks, afourth generation, etc. [3, 16]. Such mechanisms
could be responsiblefor al or part of K CP violation.

These models have various attractive features. For ex-
ample, an enlarged Higgs sector is arelatively natura and
straightforward extension of the SM, especialy since we
know of no reason (other than Occam’s Razor!) why, as-
suming Nature opted to implement the Higgs mechanism,
she should have stopped after only one physical Higgs bo-
son. Left-right-symmetric models are appealing in that
they provide a unified explanation for both parity and CP
violation. And in such extensions of the SM, the CKM
phase could be exactly zero, perhaps dueto some yet-to-be-
determined symmetry principle — a less arbitrary scenario
than the SM, in which the value of the CKM phaseisafree
parameter.

Typicdly these aternative models for CP violation lack
the distinctive feature of the SM that CP asymmetries are
largest inthe B sector. Many of them can lead to CP viola-
tionin charm decay at the 10~3 to 10~2 level and have the
additional distinctive signatures of large flavor-changing
neutral currentsor mixing incharm. Whiledirect CP viola-
tionat the 10~3 level in Cabibbo-suppressed charm decays
is aprediction of the Standard Model [17], its observation
in Cabibbo-favored or doubly Cabibbo-suppressed decays
would constitute unambiguous evidence for new physics,
aswould the observation of indirect CP violationin charm.
At the levels discussed in the literature, such effects could
be detectable in BTeV, which could reconstruct 108 to 10°
charm decays, but more simulation is required to assess
backgrounds and systematics [18].

4 THEBTEV SPECTROMETER

The proposed BTeV spectrometer (shown schematically in
Fig. 3) coverstheforward and backward regionsat the new
CO Tevatron interaction area.  The instrumented angular
rangeis 0.015| tan #|<0.3. Monte Carlo simulation shows
that such coverage includes ~50% of all B and D decays.
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Figure 3: Sketch of BTeV Spectrometer.

B hadrons at the Tevatron

By

Figure 4. Relativistic boost factor 5+ vs. pseudorapidity n
of B hadrons produced at the Tevatron Collider.

Compared to the * central-geometry” case (e.g. CDF and
DO0), this “forward-geometry” configuration accepts rela-
tively high-momentum particles (see Fig. 4). It aso leads
to an advantageous vertex-detector arrangement, consist-
ing of detector planesinside the vacuum pipe oriented per-
pendicular to the beam (Fig. 5), allowing substantialy bet-
ter reconstruction of decay proper time. Another key ad-
vantage of forward geometry is the feasibility of effective
hadron i dentification. Because QCD mechanisms of bb pro-
ductionyield quark pairsthat areclosely correlated in rapid-
ity (Jlup — y5|S 1), thereislittle disadvantage in omitting the
small-rapidity region: when the decay products of one B
hadron aredetected intheforward (or backward) region, de-
cay productsof the second (“tagging”) B have ahigh prob-
ability to be detected there a so.

In addition to large acceptance, the apparatus must
have high interaction-rate capability, an efficient trigger for
heavy-quark decays, high-speed and high-capacity data ac-
quisition, good mass and vertex resolution, and good par-
ticle identification. Of these requirements, the most chal-
lenging are the trigger and the particle identification. We
intend to trigger primarily on the presence of a decay ver-
tex separated from the primary vertex [19]. To reduce
occupancy and facilitate vertex reconstruction at trigger
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Figure 5: Proposed arrangement of BTeV vertex detector.

level 1, pixel detectors will be used for vertex reconstruc-
tion. For efficient, reliable, and compact particle identifi-
cation, we will build aring-imaging Cherenkov counter. In
other respectsthe spectrometer will resemble existinglarge-
aperture heavy-quark experiments; see Refs. [15, 20] for
more detailed discussions.

5 NEAR-BEAM ISSUESIN BTEV

5.1 dzeof vertex-detector beam gap

A key point in the reconstruction of decay verticesin for-
ward geometry is the dependence of the impact-parameter
resol ution on the transverse distance of the vertex detectors
from the beam [21]. Thisisillustratedin Fig. 6. For suf-
ficiently fine pixel resolution, the impact-parameter resolu-
tion will typically be dominated by multiple coulomb scat-
tering in thefirst detector planethat the particle encounters.
The effectiver.m.s. scattering angle 46, inthey-z view for
a charged particle of momentum p traversing a detector of
thickness X and radiation length X is[22]

[ X
X0
(Thethickness X of course must include substrate, readout
electronics, and RF shidding.) If theparticleencountersthe
first detector at alongitudinal distance z fromthevertex and

transverse distance y from the beam, the scattering contri-
bution to impact-parameter resolutionis
200y

0.015GeV | X
Y\ ——— X,/

Dy
A similar equation holds for the z-z view, where 6z aso
depends on p,, since the beam gap is assumed to bein y.
We see that the impact-parameter error is proportional to
thetransverse distanceof thetrack fromthe beam at thefirst

0.015 GeV
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~
~
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first pixel plane

encountered by particle particle track

vertex

Figure 6: Illustration of dependence of vertica impact-
parameter error dy on scatteringangledd infirst pixel plane.

measurement plane encountered by the particle. To mini-
mi ze the scattering contribution, it isthusimportant to keep
the beam gap as small as possible. The other parameters
appearing in Eq. 1 are less subject to control by the experi-
menter: thedistributionof p, isdetermined by themass and
production and decay dynamicsof the particleto be studied,
and X/ X isfixed by signal/noise, mechanica support, and
coolingissues. Furthermore, thedependenceon X/ X, isas
the square root, so while thickness should be minimized, it
is difficult to make a big impact in thisway.

Fig. 7 shows the dependence of the proper-time reso-
[ution on the size of the beam gap for simulated By, —
J /Y K* events. (Thetimeresolutioninthismodeisan indi-
cator of physicsreach for studies of B, mixing, a challeng-
ing measurement in b physics.) Asthe half-gap yumi, isde
creased from 9mm to 3mm, the r.m.s. resolution improves
by about afactor of 2. In addition, since cuts on vertex sep-
aration must be made in order to suppress background, the
number of eventsinthefinal sampleincreases by morethan
afactor of 2. Thisindicates the substantial improvement in
physics reach that is possibleif the vertex detectors can be
moved closer tothebeam. With thenomina 6 mm half-gap,
thereachin x, (theparameter that relatesthe B, mixingrate
to its decay rate) is about 40, i.e. if z; = 40 we expect to
obtain a5-standard-deviationsignal for B, mixing in about
oneyear of runningat £ = 5 x 103 em—2s~!. Thisshould
be compared with the Standard-Model prediction z, < 60
and the current experimental lower limit z, > 15 [23].

The size of the half-gap isin principle limited from be-
low by two effects: 1) radiation damage in the vertex de-
tectors and 2) creation of backgroundsat the other interac-
tion regions. In practice thefirst limit will be reached well
before the second! For silicon detectors with a4 mm half-
gap, the radiation-damage limit (~10* minimum-ionizing
particles’'cm?) is reached in ~1 year of running at £ =
5 x 103 ecm~—2s~!. Development of diamond pixel detec-
tors may allow asmaller gap.®

5.2 Wire-target runningin CO

The commissioning of athird collider interaction regionis
likely to be a complex process, and simultaneous collider

5Subsequently to this Symposium, vertex-detector geometries with a
square beam hole instead of a full-width gap have been simulated and
found to improve physicsreach substantially, e.g. the Bs-mixing reach for
oneyear of runningat £ = 5 x 103 cm—2s~ ! increasesto zs ~ 65.
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Figure 7: Simulated distribution of proper-time resolution
for B, — Dy eventsfor three different values of y,iy .

luminosity in al three areas might not be available during
thefirst yearsof Collider Run I1. It has thus been envisaged
since the earliest consideration of the CO program [24] that
a significant portion of the early running might be carried
out using awire or pellet target in the halo of the proton
or antiproton beam. This could afford an early opportunity
for commissioning of detectors. Since it would provide a
source of primary interactionslocalized at aknown point or
along aknown linein space, it could also be invaluablefor
testing the vertex trigger.

While halo running would be essentially usdless for
beauty dueto thesmall fixed-target b cross section [25], sur-
prisingly, the charm reach could be comparable in fixed-
target and collider modes. Theincrease in charm cross sec-
tiona /s = 2 TeV compared t0 43 GeV has not been mea-
sured but is presumed to be afactor 210. However, if only
one spectrometer arm is instrumented at first, fixed-target
has a factor-of -3 advantage in geometrical acceptance, and
afactor ~4 in cross section can be made up by taking ad-
vantage of the target-A dependence of charm production
(0ce o A' [26] vs. A%7! [22] for the total inelastic cross
section which limits the interaction rate). Finaly, trigger-
ing on charm is likely to be considerably more efficient
in fixed-target mode, where the moderate p; (S1GeV) of
charm decay products stands out more prominently rela
tive to minimum-bias background: in fixed-target a factor
~100 in background suppression is available before vertex
reconstruction [15], perhaps allowing charm triggering in
the short-lifetime regime (proper time < 1 ps) crucid to
studies of charm mixingin D° — hadrons decays [27].

A possible physics advantage of halo running has also

been suggested [28]. Biasesin charm mixing studies may
arise fromb — ¢ cascade decays. These would be sup-
pressed by two orders of magnitude in fixed-target relative
to collider mode, dueto thereduced beauty production cross
section.

Assuming a 1MHz rate of inelastic interactions, > 10%
charm decays can be reconstructed per year (107 s) of fixed-
target operation. For example, the rate of D°(DY9) —
K¥ 7% isestimated as[29)]

= 107s - 108int. /s -
6.5 x 107*A%29DO(DO) /int. -

4% - 10% @
= 1 x 108,

N po(D0—Kn

where the last two factors appearing in Eg. 2 are
BR(D°* — K~-r") and the product of acceptance
and reconstruction efficiency. Other decay modes will
increase the total by a factor ~3. This interaction rate
implies ~0.4interactions/crossing with 396ns bunch
spacing and ~0.1 with 132ns spacing, low enough that
p¢-based triggers should not be badly affected by pile-up.
That a 1 MHz interaction rate is feasible with a hal o target
follows from the work of the HERA-B collaboration,
who have demonstrated 30 MHz with wire targets in
the halo of the HERA proton beam [30]. However, the
Tevatron scraping and collimation procedures may need
considerabl e rethinking, since high-rate operation of ahao
target requires that the target compete efficiently with the
collimators.

6 CONCLUSIONS

If approved, BTeV will be the state-of-the-art charm and
beauty experiment in the mid-2000's period. The near-
beam environment will be key to the experiment’s physics
reach:

e Minimizing the size of the vertex-detector beam gap
will both maximize the number of events satisfying
analysis cuts and optimize their vertex resolution.

o Early charm sensitivity at acompetitivelevel may de-
pend on hal o targeting.
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A Zero Degree Experiment at the
Tevatron Collider

Lawrence W. Jones and Michael J. Longo
University of Michigan, Ann Arbor, MI 48109-1120

Abstract

A small experiment has been proposed for the CO experi-
mental area at the Tevatron collider to study the production
of particles at and close to zero degrees. Such datawill fill
aglaring gap in the systematic study of strong interactions.
Besidesenabling better theoretical understanding of therel-
evant QCD processes, it will supply valuable input to the
design of collimatorsand beam scrapers. It will alsoresolve
long-standingambiguitiesand exploreintriguinganomalies
reported from cosmic ray data.

1 INTRODUCTION

A proposal (P-899) has been submitted to the Fermilab
management for asmall experiment on “Particle Production
at 0° from the Collider” by a group of physicists from the
University of Michigan, the University of Tennesee, Case
Western Reserve University, LousianaState University, and
Fermilab. The spokesman isMichael J. Longo from Michi-
gan. Briefly, the objective is to measure the production
of hadrons and leptons produced down to and including
zero degrees, datawhich have been unavail ablefrom a most
all energies above those explored with fixed-target bubble
chamber exposures about 20 years ago. The experiment
would utilize the CO experimenta area within the window
of time between the re-commissioning of the Collider and
theingtalation of the B-TeV detector.

2 MOTIVATION

The motivationsfor thisexperiment are at | east three. First,
the physics of ‘soft QCD’ processes has been very littleex-
plored, and substantial theoretical questions remain. The
physics of Pomeron exchange, etc., has attracted increas-
ing attention, as attested by the discussions at workshops
on “Small x and Diffractive Physics’ held at Argonne and
Fermilab in recent years. A recent summary of therelevant
physicsissues may be found in the FELIX Letter of Intent
[1] submitted to the CERN LHC Committee this past Au-
gust.

Second, this physicsis clearly related to the design of
beam scrapers, collimators, and to the properties of beam
halos; and hence very directly relevant to the objectives of
this conference. Without doubt, better knowledge of the
small-angle particle production will lead to better design of
collimators and related beam-cleaning hardware. Thisfdls
in the category of what Leon Lederman has referred to as
‘engineering physics'.

Third, cosmic ray physics is dominated by energy flow,
and this, in turn, by particles produced in the far-forward
direction (extreme values of pseudorapidity). And yet
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essential quantities such as the average inelasticity in a
nucleon-nucleon collision are very poorly known and sub-
ject to widely- varying assumptions. The inelasticity of
a nucleon-nucleon collision, wherein the target nucleon is
intitially at rest (the cosmic ray situation), is given by:
K =[1- (FE,/E,)], where E, istheincident particle (e.g.
proton) energy and E; isthe energy of the most energetic
final-state baryon. The state of confusionon averageinelas-
ticity isreflected in Figure 1 from arecent publication[2].

K
0.7

0.6
05
0.4
0.3
0.2

10% 10® 10* Vs

Figure 1: Energy dependence of average inelasticity in p-
p reactions inferred from various cosmic ray data (dashed
boxes) and from predictions of different theoretical models
and simulations.

Although the energy of cosmic rays, as interpreted
through air showers or air Cherenkov radiation, is not af-
fected by this uncertainty (at very high energies, virtually
all of the primary cosmic ray energy eventually appearsin
the electromagnetic component), the interpretation of such
quantities as muon-electron ratio and depth of maximum
numbers of particlesin an air shower depends on both the
primary cosmic ray particlemass number and on thisinelas-
ticity. Thisessentia ambiguity between averageine asticity
and the nuclear composition of the primary cosmic rays has
frustrated theinterpretation of cosmic ray datafor decades.
At primary energies above 104eV/, the low flux makes di-
rect observation of the incident cosmic ray particles im-
possible (with satellites or balloons), hence our knowledge
is totaly reliant on indirect observations at ground level.
Given the increasing interest in cosmic ray physics by the
particle physics community (as evidenced, for example, by
the Fermilab participation in the Auger Project), accelera
tor resultswhich are of direct useininterpreting cosmic ray
data have become quitetimely.

In addition, the forward physics-dominated cosmic ray
data continue to suggest new physics; anomal ous phenom-
ena (Chirons, Halos, Centauros, large cross sections for
heavy flavor production, etc.) which have not been seen -



or hardly explored - in accelerator data[1].

3 HISTORICAL BACKGROUND

The hydrogen bubble chambers a Fermilab and CERN,
working with pion and proton beams, collected inclusive
data at energies of 300 - 400 GeV, and of course have good,
inclusive data on production of charged hadrons down to
and including zero degrees. There were subsequent Fermi-
lab neutron data from 400 GeV protonsat zero degrees, as
well as charged pion and proton production data from 100
and 175 GeV protonswith a forward magnetic spectrome-
ter. At the CERN ISR, with /s = 60 GeV, zero degree
production data on neutrons were again taken, as well as
small angle negative hadron data. And at the CERN SppS
(v/s = 540 GeV), UA5 data were taken on neutral pion
production at angles grester than 1.6 mr. These data have
been nicely reviewed by Voyvodicin 1992 [3].

However, the rather surprising observation remains that
there islittlecomprehensive inclusive dataon particle pro-
duction at small anglesfromthecolliders. The modest time
and effort required for this proposed experiment will thus
have an impact out of proportion to the overall cost of the
required effort.

7 Proposed CO

/ Collision Hall
Existing

Tunnel wall ]

V2%

I 0° Production Experiment-neutrals |

Figure 2. Experimental configuration for 0° neutral mea-
surement. Note the transverse-longitudinal scale ratio of
40:1. Theinteraction point (1P) isabout 38 m from the cen-
ter of the straight section.

4 EXPERIMENTAL DETAILS

This experiment proposesto observe neutronsand gammas
(from neutra pions) produced at zero degrees by locating
the p— p intersection region withinasuperconducting bend-
ing magnet of the machine lattice, as sketched in Figure 2.
Hereit isseen that thezero degree neutral secondariesreach
a detector about 30 cm outside the circulating beams at the
opposite end of the straight section, more than adequate for
a calorimeter which will contain the lateral spread of the
hadronic cascade.

In thissituation, the interaction point is moved to a point
38 m from the center of the CO straight section. One ob-
vious consequence of thisisthat thisexperiment would re-
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Figure 3. Configuration for the study of 0° production of
200 GeV/cand 500 GeV/c positivesecondaries. Lower mo-
menta can be studied with the IP moved farther to the | eft.

quire dedicated running for its data collection. However, as
the inclusive data come very fast, even with modest lumi-
nosity, it is estimated that the entire dedicated running time
required to compl ete this experiment is less than a week.

By shifting the intersection point closer to the center of
the CO straight section, different ranges of positiveand neg-
ative secondary momenta with production angles at and
near 0° may be studied, as illustrated in Figures 3 and
4. Note that the zero degree production refers to the anti-
proton direction, hence the produced negatives include the
beam indlagtic ps,

I 0° Production—- 600 GeV/c negativesl

Figure 4: Arrangement for the study of (approximately)
600 GeV/c negative production at 0°. Here the IPis 40.5
m from the center of CO. Up to 900 GeV/c negatives at 0°
can be measured with the P at 52 m.

A summary of the ranges of momenta of positive and
negative, as well as neutral secondaries produced at 0° and
small anglesfor different locations of theintersection point
(relative to the center of CO) isgivenin Tablel.

Note that the two gammas from a 100 GeV 7 are sepa-
rated by about 17 cm at the calorimeter detector 60 m from
the production point, hence both gammas are detected for
most high energy 7°s produced near 0°. However thissug-
gests that it would be practical to look on opposite sides of
the beam pipe for decay products of more massive short-
lived objects, such as the J/¥ and the Y. Figure5isa
sketch of the intersection point and detector configuration



Table 1: Range of momentum accepted a pr = 0 and pr
rangefor atypical momentum for various|Plocations. Mo-
mentaarein GeV/c.

IP Charge | Momentum | P7*" and Pj***
Location Range @ Particular
and for Momenta
geometry pr =0
20m 0 - 1.2t03.2@100
pos 15-35 0to-1.2@25
Fig 5. neg 15-36 0to-1.3@25
25m 0 - 0.75to 2.4@250
pos 150 - 500 0to-4.7@300
Fig. 5 neg 136 - 250 0to-3.4@200
30m 0 - 0.4 to 1.4@250
Fig. 3+ pos 180 - 600 0to 0.9@380
Fig. 4 neg 155- 290 0to 0.7@220
38m 0 5-1000 0to 0.8@500
Fig. 2 pos - -1.6 to -2.8@600
Fig. 4 neg 360 - 500 0to 0.6@430
50 m neg 860-900 | 1.1to1.2@1000
Fig. 4

for such studies.

Data would aso be collected on K-short and A produc-
tion. In this context, it is worth recalling that cosmic ray
ball oon-bornedetectorsreport anomal oudy large heavy fla-
vor production in forward directions, to which this experi-
ment would be sensitive[4]. Monte Carlo studieshave been
carried out to explore the invarient mass resolution of the
proposed calorimeter detector to different fina state parti-
cles; as an example, the observed invarient mass distribu-
tion observed for 7° issketched in Figure 6. Here the pions
are produced according to a PYTHIA simulation, and the
effect of the detector and accel erator component configura
tions modeled by GEANT. Similar distributions have been
obtained for n's, K's, and A’s.

A search will aso be made for evidence of other un-
usua phenomena, such as Disoriented Chiral Condensates
(DCC), the phenomenon suggested as the physics behind
the reported cosmic ray Centauro phenomena[5].

5 SIGNAL BACKGROUND

Studies of the backgrounds anticipated have been mod-
eled, assuming particle distributionsat the primary interac-
tion (beam-beam or beam-gas) as generated by PYTHIA,
and then propagating the reaction products according to the
GEANT simulation. From these simulations, the particle
background in the detectors appears manageable. Thisisin
accord with our experience with MiniMax, aso in the CO
collision area, where we learned that the most critical ele-
ment was the thin window between the intersection point
and the detectors. Herethe situationis, in fact, more favor-
able because the collisions occur within a bending magnet,
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Figure 5: Proposed configuration of two detectors for 2-
particlefinal states. The transverse-longitudinal scale ratio
hereis20:1. The symmetric decay of a160 GeV/c J/V (or
a480 GeV/c Y) produced at 0° isillustrated.

Figure 6: Reconstructed 2y masses for al eventswith only
2~s and for 2 events coming directly from the p—p colli-
sion region.

and most reaction productsare swept into the magnet struc-
ture before they leave the dipole. In addition, the vacuum
in the superconducting dipoleis very good, < 10~ !! torr,
so that beam-gas interactions should not be a problem. The
luminosity near the end of the CO straight section will be
about 2 x 1028cm~2sec™!, corresponding to an event rate
of about 1500 Hz. The luminosity may be somewhat less
further back into the magnet lattice; in any case, absolute
rates are not a problem. The detector, relying primarily on
calorimetry with athreshold of about 5 GeV, will beinsen-
sitiveto the soft particle albedo which may diffuse into the
straight section.

6 ENGINEERING CONSIDERATIONS

The ingtallation of this small experiment will require min-
imal impact on the Tevatron program. A special vacuum
tank will be necessary, with thin windows aong the tra-
jectories of the particles to be studied (as sketched in the
figures). The Lambertson magnets, used for the Tevatron
abort, will be moved prior to installation of the B-TeV de-
tector, and it would be convenient for thisexperiment if they
were not present. The existing ‘C' magnets are shown; ad-
ditional bending may be required to replace that provided
by the Lambertsons. This can all be engineered to be com-
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Figure 7. Cross-sectiona view of one of the proposed
caorimeters. There arelead plates of 1 cm thickness (elec-
tromagnetic, front sections) and 1.5 cm (remainder) (total:
would be obtained from the longitudina development of
the cascades. The calorimeters would be preceeded by

Additional thin chambers and counters would be [ocated
just outsi dethevacuum chamber thin windowsfor luminos-
ity monitoring and for tracking of charged secondaries.

wire chambersto track incident charged particles, and muon

would be used, one on the inner side and one on the outer
side of thering. An energy resolution of 15%/+/E for elec-

trons and ~s, and of 60%/+/E for charged hadrons (E in
It has been noted that, whenever a new region of physica
parameter space is explored, surprises should be expected.

structure of the proposed calorimeter is sketched in Figure

GeV) hasbeen assumed, followinggeneral experience. The
7.

The detectors would be calorimeters made of high-Z ab-
sorber plates interleaved with scintillator sheets, with pro-
portional wire chambers inserted at several depths to lo-
calize the X-Y vertex coordinates of converting neutral
hadrons and gammas. Hadron - gamma identification
chambers would follow the cal orimeters. Two calorimeters

8 depth samplings. Thelocations of X-Y proportiona wire

interaction lengths. The scintillatorswould be read out in
plane pairs are a so shown.

114 plates) separated by scintillator, totalling 10.4 nuclear



Forward Measurementsin RHIC and
LHC Heavy lon Collisions
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Abstract

Two mechanisms for forward, correlated neutron emission
in heavy ion collisions motivate the construction of com-
pact hadron cal orimeters to be placed downstream of inter-
action regions at RHIC and LHC. Plans are now underway
to build such detectors. Here we discuss recent progressin
understanding their role and performance requirements.

1 INTRODUCTION

If the number of forward neutrons can be measured along
both beam directions in RHIC and LHC heavy ion colli-
sions, thisinformationwill be used both for monitoring Lu-
minosity throughthe Correlated Coulomb Dissociation rate
and as atool for measuring centrality of hadronic collisions
on an event-by-event basis.

What is needed for luminosity monitoring isa clean re-
action with straightforward detector acceptance. The pho-
tonuclear process proposed here resultsin coincident beam
energy neutron emission along each beam direction. RHIC
and LHC collider designs are compatible with detectors
covering ~ 100% of the required solid angle with ~ 10 -
10cm? area. Similar detectors have been exposed in beam
tests and afixed target heavy ion experiment.

What is needed for event characterization is a measure
of the nuclear overlap in a hadronic collision. In fixed
target heavy ion experiments small aperture Zero Degree
Caorimeters are used to measure centrality via the disap-
pearence of beam energy spectators. At acollider, beam en-
ergy fragments follow the beam orbit but unbound protons
and neutronswill leave the beam tubeafter thefirst bending
magnet (since Z/A of thebeamsis ~ %). Since we propose
to measure only the neutrons at RHIC and fluctuations in
spectator fragmentation could wash out the eff ectiveness of
recording only neutron spectators , a short experiment was
performed at CERN thisyear.

2 MUTUAL COULOMB DISSOCIATION AND
LUMINOSITY MONITORING

The Coulomb dissoci ation of asinglebeam nucleusin colli-
sionsof identical beam species hasalready been considered
in some detail for RHIC [3],[2]. This processis of interest
because it isone of thelimiting factors affecting beam life-
time. However, we do not consider it interesting as a di-
agnostic tool since it is not easily distinguished from "sin-
glebeam” backgrounds. On the other hand, we have found
that a simple extension of the Weizsacker-Williams treat-
ment of this process reved s alarge component of dissoci-
ation as mutua [1]. The coincident detection of neutrons
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along each beam direction, as depicted in Fig. 1, makes the
process cleaner and suitable for Luminosity monitoring.

The cross section for heavy ion dissociation may be ac-
curately expressed in terms of the (experimentally known)
photodissociation cross sections, o, (w), of the same nu-
cleus over an appropriate range of photon energies.

bw

2
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~ bdbIC3(

/ dwwopp (w) /
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Since we want to cal culate the mutual dissociation cross

section for thetwo colliding nuclel, we define adissociation
probability, P(b), as a function of impact parameter b
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Then inverting the order of integrationin Eq. (1) we have
5, bw
dwwopn (W) K7 (—).

We neglect, for the moment, thefact that P(b) approaches
unity at grazing impact in our case. We instead give afirst
order expressionfor correl ated dissociation, ofj? , Whichwe
subsequently correct to preserve unitarity. We then have

00 2
o) = o / [P(b)] b db, 4
bo

which may be evaluated numerically using the data on
oph(w). Asdiscussed inref.[1], the resulting cross sections
are sensitive to impact parameter cutoff (by) at thelevel of
10t015%. Takingby = 15 fermi, wefound o.q =3.9 barns
at RHIC top energy with gold beams and 7.2 barnsat LHC
top energy with Pb beams.

3)

w2y

Figurel: Peripheral collision of Heavy lon beams at impact
parameter,b, for which a Coulomb Dissociation Probability
is computed.

3 EXPERIMENTAL CONSIDERATIONS,
DETECTOR REQUIREMENTS

The spectrum of emitted neutronsdeterminesthedesign cri-
teria for the luminosity monitor detectors. Their lab en-
ergy and angular distributions were caculated from pho-
tonuclear data. In the target frame, neutrons are emitted



with < 10MeV of kinetic energy. This results in a very
small energy spread and opening angle when seen in the
laboatory frame.

Morethan haf of theinclusivedissociation cross section
resultsin single neutron emission with alab energy spread
of 0 < 10% X Epeam. S0 the measured linewidth will be
determined by the detector resolution which we require to
be < 20% @ 100 GeV. Theangular distributionislimitedto
acone of 1.4mr openingangleat RHIC top energy (£2.5cm
at the +18m location of the detectorsin RHIC. The neutron
calorimeter response should beflat over thisarea. Thefinal
requirement on the 2 cal orimeters comes from the possibil-
ity of time difference measurement to locate theinteraction
point. We require o, = 300psec.

4 EVENT CHARACTERIZATIONWITH A
NEUTRON CALORIMETER

In a specia run of NA49 [4], “centrdity” of 158GeV/n
Pb + Pb target collisionswas measured simultaneously us-
ing a large angle “ring” calorimeter and a forward (ZDC)
caorimeter, ~ 25m downstream of the target. A magnet
between thetarget and ZDC separated the fragments so that
different species could be measured independently. There-
sulting geometry, shown in Fig. 2, isidentica to the con-
figuration around the RHIC neutron detector location. The
“fragment” region corresponds to the orbit of one stored
beam.

Protons

Neutrons Fragments

Pb ZIA=12

000 @

-5em 0 5em 15m 2em 38em

Figure 2: Fragment distribution at the forward cal orimeter
in the NA49 test.

Figure3: A 2)\ ZDC caorimeter section. The beam enters
from the lower right.

These data were analyzed with event characterization at
RHIC inmind, wherewe expect to place oneZDC on either

77

side of theinteraction regions. To the extent that the exper-
iments at RHIC differ from one another the fact that they
share one detector for event characterization is expected to
be an asset in comparing results.

The NA49 test addressed the question of the effective-
ness of measuring only the spectator energy carried by free
neutrons. Since some data aready exist on fragmentation
into neutrons at 1GeV/nucleon and fragmentation is ex-
pected to vary sowly with energy, the NA49 test makes a
firm prediction for neutron multiplicities vs. cenraity at
RHIC.

We plotted the measured energy in the ring calorimeter
vs the multiplicity of each fragment type. In thisway the
effective resolutionin E, could be predicted assuming that
only neutronsor neutronsand protonsare detected in RHIC
experiments.

A Preliminary conclusion from thisanalysis confirm that
the sengitivity of the neutron calorimeter to “centrality”
is dready adequate (adding proton measurement does not
qualitatively improvethe resolution). A large neutron mul-
tiplicity (~ 10) isobserved even in the most central events
even those which correspond to the highest E; bins.

We conclude that the ZDC's efficiency for producing a
coincident signal in each beam direction will be close to
unity for both central and peripheral hadronic collisionsand
that the energy measurements in the RHIC ZDC's can be
used for selecting data with different centrality much as
has been donein fixed target Heavy lon experiments at the
Brookhaven AGS and the Cern SPS.

5 CALORIMETER DESIGN

Prototype RHIC calorimeters are being prepared for beam
tests later this year. The preferred design uses a cerenkov
light fiber readout (QCAL ) withfiber layersoriented at 45°
to the beam direction [5]. Simulations have shown that a
hadronic shower resolution of < 20% at 100 GeV can be
achieved with a 10 cm wide by 8\ deep module with 5mm
thick Tungsten plates. We are currently testing both a Cop-
per and a Tungsten version at CERN.Once a design is se-
lected based on beamtest results, identical modules will be
installed in each RHIC experiment.

One PMT signa fromthe 1st 2 deep section ( shownin
Fig. 3.) oneach sidewill be used for timing. Both the co-
incidence rate and thetime difference distribution (whichis
related to thelength and average position of theinteraction
region) will beavailable and updated at arate of afew Hertz
in the RHIC control room.
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Abstract

The FELIX collaboration has proposed the construction of
a full acceptance detector for the LHC, to be located at In-
tersection Region 4, and to be commissioned concurrently
with the LHC. The primary mission of FELIX is QCD:
to provide comprehensive and definitive observations of a
very broad range of strong-interaction processes. This pa-
per reviews the detector concept and performance charac-
teristics, the physics menu, and plansfor integration of FE-
LIX intothe collider | attice and physical environment. The
current status of the FELIX Letter of Intent is discussed.

1 INTRODUCTION

FELIX will bethefirst full acceptance detector at a hadron
collider. It will be optimized for studying the structure
of individua events over al of phase space (see Figure
1). FELIX will observe and measure al charged particles,
from the central region al the way out to diffractive pro-
tons which have lost only 0.2% of their initial energy. It
will even see dastic protonswhich haveamomentum trans-
fer of at least 102 GeV2. This comprehensive, precision
tracking is accompani ed by equally superb el ectromagnetic
and hadronic calorimetry. FELIX will observe and measure
photons and neutrons down, literally, to zero degrees, giv-
ing it an unparaleled ability to track the energy flow. In
contrast, the other LHC detectors are sensitive over only a
fraction of phase space and seeless than 10% of thetypica
energy flow. FELIX isthusuniquely ableto pursue physics
complementary to that of the other detectors planned for the
LHC.

TheFELIX designinvolvesthe coordinated arrangement
of three distinct systems: the magnetic architecture respon-
sible for getting the beams through the 14 straight section,
thetracking system, and the calorimetry. Each system must
be complete in its own right, without compromising the
characterigtics of the other systems. The magnetic aper-
tures must not be limiting apertures of either the tracking
or calorimeter systems. There must be sufficient physical
space for both tracking and calorimetry. The calorimeters
must be physically large enough to have good resolution,
and must not interfere with either the tracking or the mag-
netic systems.

All of thisrequires alot of space, and the detector must
be carefully integrated into the design of the machine. Full

1For the FELIX Collaboration
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acceptance cannot be achieved by “adding on” to central de-
tectors optimized for high pr physics. Here FELIX isfor-
tunate. The decision to split the RF cavities at 14, moving
them to 4+ 140 m from the interaction point (I1P), combined
with the fact that FELIX's “low” luminosity permits the
focusing quadrupoles to be moved more than 120 m from
the IR, providesthe necessary longitudinal space. 14 isaso
ideal from the point of view of transverse space. Thebeams
are separated by 42 cm at the location of the RF cavities,
providing room for zero degree calorimetry. Since the ex-
isting infrastructure, including the ALEPH solenoid, can be
re-used with minimal modifications, 14 is clearly a superb
location for a full acceptance detector. (The central part of
FELIX, which nicely fits into the existing cavern, and the
extensions upstream into the forward regions, are shownin
Figure2.)

Nevertheless, the task of integrating a detector with gen-
uinely full acceptance into the available space at 14 is not
trivial. The FELIX Letter of Intent [1] outlines how it can
be done, using well-understood magnets and compact de-
tectors, for a comparatively modest price: we estimate a
cost of about 25 M CHF for the machine magnets and thein-
frastructure, and about 50 MCHF for the detector outlined
here and presented in more detail inthe FELIX Lol.
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Figure 1: The pseudorapidity distribution of charged parti-
cles and of the energy-flow at /s =14 TeV.

2 PHYSICSOVERVIEW

Theheart of the FELIX physicsagendaisQCD: FELIX will
be the ultimate QCD detector at the LHC.

Surprisingly, the need for such a detector is not obvious
to many members of the high energy community. In part,
this may be because of the success of theinterplay between
theory and experiment in the case of e ectron-positron col-
lisions. The cleanliness of the process, together with the
low event rate and full-acceptance capability of the detec-
tors, hasled to an especially fruitful interaction between the
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QCD aspects of that experimental programwiththeremain-
der.

The case of hadron-hadron collider physics is quite dif-
ferent. The high-pr, low cross section physics is accessed
by highly selective triggers. The phase-space acceptance
of the detectors is largely limited to the central rapidity
region. Full acceptance has not been attained since the
bubble-chamber era of fixed-target physics. Therefore the
basic data base is much more limited.

Thissituationis all the more serious because of the great
variety in event classesfor hadron-hadron collisions. There
are soft collisions with large impact parameters; angular
momenta of tens of thousandsinstead of the unique J = 1
of theet e~ world. Central collisionsproduce much higher
multiplicitiesthan are seen ine™ e~ annihilation. There are
the diffraction classes of events, with and without jet ac-
tivity, that comprise several to tens of percent of typica
subsamples (if seen in full acceptance) and which present
amgor chalenge to theory. There are poorly understood
strong Bose-Einstein-like correlations seen at very low pr
and low relative pr in hadron-hadron collisions which do
not occur in eTe~ collisions. But at collider energies this
is only based on one sample of low-pr datafrom UA1, be-
cause until now no other detector has had the measurement
capability. Finally, thereislittleif any datain the forward
fragmentation regions, where cosmic ray experimentsinsis-
tently claim that anomalies exist.

Given thisrichness of phenomena, and given theimpor-
tance of QCD to the interpretation of the new-physics data
expected to emerge from the LHC, it is clearly very impor-
tant to improve the data-base with an LHC detector and ex-
perimenta group fully dedicated to the observation and in-
terpretation of as broad arange of QCD phenomenaas pos-
sible. Thisis of course the mission of the FELIX initiative.

Many of these new opportunitiesin QCD physics at the
LHC are not well known, and the FEL1X collaboration has
accordingly placed high priority in in providing a descrip-
tion of themintheFELIX Lol. We briefly summarize afew
of the main themes here.

2.1 Parton densities can be measured to extremely small
x, below 106

The parton densities at small = are themselves a very im-
portant thing to measure. Up to now HERA has provided
data down to x values of order 10~* for Q? in the per-
turbative domain of several GeV?. FELIX will have the
capability to extend these measurements to x values be-
low 106 viaobservation of dileptons, |ow-mass dijets, and
low-mass jet-photon systems carrying large longitudinal
momenta. Inthisregimeone expects (especialy for proton-
ion collisions) the breakdown of the usual DGLAP/BFKL
evol ution-equation formalism and significant nonlinear ef-
fects to be observed.
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2.2 Minijet production in hadron-hadron collisions is
strongly energy dependent

The need for avastly improved QCD data-base for hadron-
hadron collisionsis made even more urgent by the fact that
gualitative changes are expected even in the structure of
generic events because of therapid increase with energy of
gluon parton densitiesin the primary protons. Thankstothe
measurements at HERA, thisisnot only the theoretical ex-
pectation but also a data-driven one. The parton densities
at ab — 10 GeV scae become so large that minijet produc-
tion in centra collisions may become commonplace, with
minijet pr large enough for reasonably clean observabil-
ity. These very high parton densities creste, at a perturba-
tiveshort distance scal e, “hot spots’ inthe spacetime evol u-
tion of the collision processwithinwhich theremay bether-
malization or other nonperturbative phenomena not easy to
anticipate in advance of the data. Particle spectra them-
selves may evolve to something quite distinct from what
has been so far observed, with strangeness, heavy flavors,
and/or baryon and antibaryon production enhanced. Espe-
cialyincentrd proton-ioncollisions, wherethetota gluon-
gluon luminosity per collisionismaximized, and wherethe
evolution of a single proton fragment is followed, one can
expect this class of phenomenato be most prominent and
surprises most probable.

2.3 Diffractivefinal states are endemic, many are impor-
tant, and some are spectacul ar

Diffractivefinal stateswill comprise almost 50% of al final
states at the LHC. The soft diffraction at very large impact
parameter, which perhaps shedslight on pion-cloud or glue-
ball physics, isat one extreme, and hard diffraction, where
rapidity gaps coexist with jets, is at the other. There are a
large variety of hard diffraction processes, including some
with two and three rapidity gaps, which are of basic inter-
est to study. In this class there are expected to be, for ex-
ample, an extraordinary class of eventswhere the complete
event consists of a coplanar dijet accompanied by the two
unfragmented beam protons detected in Roman pots, and
absolutely nothing else in the detector. Certainly ATLAS
and CMSS can aso detect such events, provided they sacri-
fice aluminosity factor of about 30 relative to their hard-
earned peak luminosity. However, to really understand this
event class, one will need, at the very least, to examine the
t-distribution of the Roman-pot protons, as well asto study
the generaizations of this process to the cases where one
or both of the protons undergoes soft diffraction dissocia-
tion to alow mass resonance or a high mass continuum, or
to ahigh-pr system containing a tagging jet. Only FELIX
would have such a capability.

In addition to this class of hard diffraction and very soft
diffraction processes, thereis another very interesting class
of semihard diffractive phenomena associated with the con-
jectured fluctuation of theinitial-stateprojectileintoatrans-
versely compact configuration, which therefore interacts
with an unusually small cross section. Evidence for thisis



seen in vector-meson photoproductionat HERA, especialy
J /1 production, which exhibitsthe expected rapidincrease
of cross section with energy. Also at Fermilab, diffraction
dissociation of a high energy pion into dijets, with all the
initial pion energy goinginto thedijet system, isbeing stud-
ied by experiment E791. Exactly the same processisavail-
able at the LHC with FELIX, as well as a similar process
where one beam proton dissociates diffractively into three
jets, one for each quark. The A dependence of these pro-
cessesis remarkable, roughly A*/3, because thisdiffractive
process should occur even incentral collisions, thanksto the
small size of theinitial configuration.

2.4 Particle production from deep within the light cone
may exist and deserves careful searches

The existence of events with a very high final-state multi-
plicity of minijetsand their associated hadrons hasother im-
plications. The products of such interactions for the most
part can be expected to explode from the initially compact
collision volumein all directions at the speed of light. Be-
cause of thehigh multiplicity density, thetime of hadroniza-
tion of all these degrees of freedom will belengthened from
the usual low-energy value of 1-2 fm to several fm. Up
to thistime of hadronization, the expanding “fireball” con-
taining most of the partonic collision products is arguably
arather thin spherical shell, of thickness of order afm. So
even before hadroni zation thereisalargeinterior volume of
hundreds of fm3, isolated from the exterior vacuum, which
may evolve toward a chiraly disordered vacuum. Conse-
guently in such eventsthere might be alarge pul se of semi-
classical, coherent pions of relatively low pr emitted when
thisfalsevacuum eventually decays: disoriented chiral con-
densate. Thisisat present only a speculative possibility, al-
though experimenta searches, especidly in the context of
ion-ion collisions, are underway.

More generaly, one may ask: if disoriented vacuum is
not what isin theinterior of thisquasi-macroscopic firebal,
what is? If the interior “vacuum” is broken into domains
of various chira orientations, then topol ogica obstructions
might lead to production of (Skyrmionic) baryons and an-
tibaryonsof unusually low pr. Andif thereisactivity deep
inside the light cone, no matter what it is, then this activity
has eventually to be turned into emission of particles; hence
anew particle production mechanism which deservesto be
studied. It would seem that the only aternative available
for theabsence of new phenomenaemergent from the deep
interior of the light cone under these circumstances is that
that region relaxes back to thetruevacuum, despiteitsbeing
isolated from thetrue vacuum by afireball shell and despite
there not being enough el apsed timefor chira orientationto
be distinguished energetically from chiral disorientation.

25 Coallisons with very high impact-parameter may
probe the chiral vacuum structure

In genera, the chiral vacuum condensate is distorted in the
neighborhood of impuritiessuch asanisolated proton. This
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isjust the long-range pion cloud surrounding it. The pion-
cloud structurecan be probed especialy well in highenergy
pp collisionsat very largeimpact parameters, say 2to 3 fm.
These interactions are, because of the larger radii of inter-
action at the LHC, abigger component of the cross section,
and can lead to larger final-state multiplicitiesthan found at
lower energies. Perhaps here too there may be coherencein
the structure of the pion emission, and this class of events
may turn out to be of specia interest. Again adetection ca-
pability at very low pr, 100 MeV and less, as possessed by
FELIX, isimportant for such studies.

2.6 New opportunitiesexist for tagging event classes

Together with these many novel phenomena, there will be
new methods for experimentally tagging different kinds of
events. The impact parameter of the collision is obvioudy
of importance to determine event-by-event. This is done
routinely in ion-ion collisions via zero degree measure-
ments of nuclear fragmentsand by the amount of transverse
energy produced. At the LHC, the FELIX instrumentation
in the forward direction allows a data-driven approach for
attacking the problem by the former method. The large
yield of minijets, strongly dependent upon impact parame-
ter, may allow the latter method, based upon transverse en-
ergy production, to be used more effectively at the LHC (by
all detector groups) because of the stronger correation of
multiplicity with impact parameter than at lower energy. A
combination of both methods, uniqueto FELIX, islikely to
be the best of all.

A second important tag availableto FELIX isthe choice
of beam. By tagging on aleading neutron or AT at very
low t, one can reasonably cleanly isolate the one-pion-
exchange contribution, and thereby replace the LHC pp col-
lider with a somewhat lower energy, lower luminosity =p
collider. In asimilar spirit, and including A tags, one can
study collisionsof any combination of 7, K, or p witheach
other. The beam-dependence of phenomena has histori-
cally been of considerableimportance, and it may find im-
portant applicability, especially with respect to questions of
valence-parton structure, a the LHC energy scale.

A special case of thesetagsisthat of aphotontaginion-
ion collisions, via forward detection of the undissociated
ions. The luminosity for v+ collisionsisvery high, and the
capability of FELIX to exploit thisluminosity isaso very
high.

Another class of tags which has been underutilized is
the diffractive tag, where leading protons are detected via
Roman-pots. As discussed above, thisleads to avery rich
stratum of up-to-now poorly-measured, poorly understood,
but potentially important physics.

Finally, there may be pattern tags. The event structurein
final states containingjetsisdependent upon the color flow.
Typicaly, neighboringjetsin phase space are connected by
a partonic color line (antennad). For quarks, one antenna
line emerges from the jet, for gluonstwo. Along these an-
tenna lines in phase space, hadronization and minijet pro-
duction is enhanced. Recently the Tevatron collider exper-
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Figure 3: Thetop view of the FELIX detector. The different magnets, calorimeters (hatched areas), tracking stations (ver-
tical lines) and the beam tragjectoriesin the horizontal plane are indicated.

iments have observed these effects. In principle this tech-
niguemight allow oneinthefuturetoidentify inanindivid-
ual multijet event quarksversus gluons, and even fully clas-
sify the event structure according to the color flow. Clearly
such apattern-anaysistechniqueisvery difficult, and needs
to be data-driven. FELIX, with full acceptance, will be op-
timal for making the attempt.

3 THEFELIX DETECTOR

We now introduce the major features of the FELIX design.

3.1 Atunableinsertionat 14

A full acceptance detector must be able to analyze the
global structure event-by-event. This means that it should
run at aluminosity no greater than £~1032 cm—2 s~1; that
is, with less than about one interaction per crossing. This
luminosity can be achieved at 14 by means of an insertion
which can be tuned from * = 23 mto 8* = 900 m with-
out changing the magnetic elements.

There are two significant features of thisinsertion. First,
the final-focus quadrupol es can be placed more than 120 m
fromthelP, providingthe space needed to accommodate the
FELIX dipoles. Second, it is economical. The necessary
quadrupoles are aready in the LHC basdline design.

The ability to tunetheinsertion a so has several nicefea
tures. At 3* = 900 m, FELIX is optimized for the study
of low-t elastic scattering. At 5* = 110 m, where FELIX’s
luminosity isabout 4 x 103! cm~2 s~! whenthe LHC isat
design luminosity, the beam size in the heart of FELIX de-
tector (+ 120 m) is minimized, permitting the Roman pot
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detectorsin these locationsto come as close as 3 mm to the
beam. Finally, 8 = 23 m permits FELIX to reach lumi-
nositiesas high as 2 x 1032cm=2s—1,

3.2 WHI-understood magnets

FELIX will implement a“kissing scheme” inwhich thetwo
beams are brought together at 0° in the horizonta plane
and then returned to the same inner or outer arc (See Figure
3). To accomplish this, we need some 67 T-m to first bring
the beams together (D2 magnets), and then another 67 T-m
(D1 magnets) to make them pardlel. Thishasto be accom-
plished within the 120 m available. Both sets of magnets
must be superconducting machine dipoles. The D1 magnets
must aso have large bores, to accomodate both beams and
to provide acceptable tracking and cal orimetry apertures.

FELIX isfortunatethat Brookhaven National Laboratory
(BNL) has designed large aperture superconducting dipole
magnets for use at RHIC. With acoil aperture of 18 cm and
adesign field of 4.28 T (FELIX will use them at 3.62 T),
these magnets are suitable for use as D1 magnets. BNL is
committed to producing these magnets for RHIC and thus
will be able to supply well-understood magnets on the FE-
LIX timescae.

The constraints on the D2 magnets are somewhat 1 ess se-
vere, and several options are available. Of these, FELIX
proposes existing superconducting dipoles constructed as
prototypes for UNK. While these are single aperture mag-
nets, the 42 cm beam separation permits two UNK cold
masses to be assembled in acommon cryostat for use as D2
magnets.

In order to avoid parasitic beam-beam interactions and



long-range tune shift effects, the beams will collide with
a vertica crossing angle of +0.5 mrad. To do thiswhile
optimizing the match of the magnetic architecture to track-
ing and calorimetry, we proposeto re-use the existing UA1
magnet, split longitudinally into two halves and equipped
with new coils. We will aso build two 5 meter long, 2 T
warm dipole (DO) magnets.

The magnetic architecture is completed by the re-use of
the existing ALEPH solenoid, which is well-matched with
the use of the UA1 magnet.

An important feature of this overall design is that the
strengths of the magnetic fields increase in the forward di-
rection, dwayswell-matched to thetypical momenta of the
particles, resulting in momentum resolution which is rea-
sonably uniform over all of phase space.

Finally, we notethat all magnets can beaccommodated in
the existing Aleph collision hall and adjacent tunnel swith-
out any significant civil construction.

3.3 Compact, precise tracking

Some 50 tracking stations, located as far as 430 m from the
IP, are needed to ensure full acceptance and uniform reso-
[ution. The positionsof most of the stations (vertical lines)
are indicated in Figure 3. FELIX will instrument radialy
outward, emphasizing compact, near-beam tracking. How
close we will approach the beams depends on the location.

In general, we will use Roman pot detectors to aggres-
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Figure 4: The acceptance in FELIX for charged particle
momentum measurements as a function of (a) the pseudo-
rapidity; and (b) the momentum of the particles.

sively approach the beams wherever thelocation isaccessi-
ble and the pot mechanical structuredoes not interfere with
other tracking or calorimetry. Elsewhere, we proposeto use
fixed-radius tracking, approaching to within 2.5 cm of the
beams. The acceptance for charged particles as a function
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EqL\HdP\CaL CEM Delector

Pixel Detector

Figure5: A schematic view of a tracking station based on
Si pixel detectorsand amicro-TPC. Notethat severa large-
area GEM chambers have been removed toimprovevisibil-
ity of the micro-TPC.

of pseudorapidity (a) and their momenta (b) (see Figure 4)
isamost 100% over the entire phase space.

An important consideration is the occupancy within the
tracking detectors. High particle densitiescloseto the beam
pose a significant pattern recognition problem. Each track-
ing station should thus have sufficient resolution and re-
dundancy to be able to locally reconstruct track segments.
Track segments are then matched, station-to-station, result-
ing inavery powerful spectrometer.

These considerations lead to a common conceptua de-
sign for most FELIX tracking stations, based on two tech-
nologies: Si pixel detectorsout to radii of about 8 cm, sup-
plemented by Gas Electron Multiplier (GEM) chambers at
larger radii. We are also exploring the possibility of using
GEM as the basis for very compact micro-TPC's. A con-
ceptual design for a“ standard” fixed-radiustracking station
are shown in Figure 5. The same technologieswill be used
for a compact microvertex detector.

3.4 Forward calorimetry

FELIX proposesfour calorimeters on each side of the IPto
provide complete el ectromagnetic and hadronic calorime-
try for anglesé < 0.2radian, thatis, for || > 2.3. Thecov-
erage of the calorimetersisillustrated in Figure 6. Thein-
terplay with the magnets and tracking systemsisillustrated
in Figures 2.

The calorimeters must have superb energy and spatial
resolution, and must provide the information needed to
identify neutrons, electrons and gammas. This must be
done in limited space, and in a high-radiation environ-
ment. These considerations determine the structure of the
calorimeters, the choi ce of sampling material sand the kinds
of photodetectors and front end e ectronics which can be
used for the readout.

The UA1 endwall calorimeter, which isexpected to have
aradiation dose of less than 5 Mrad for 10 years running,
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Figure 6: Schematic view of FELIX forward calorimetry.

is a sampling calorimeter based on plastic scintillatorsand
wavelength shifting fibers. The very forward (DO, D1 and
Zero Degree calorimeters) see much higher radiation lev-
els, and will thus be “ spaghetti”-type calorimeters, based
on either thin capillaries filled with liquid scintillator or
on quartz fibers. All three very forward calorimeters are
similar in congtruction, differing only in their overal di-
mensions. Each consists of a preshower detector, an EM
calorimeter, and two hadron cal orimeter sections.

4 RECENT HISTORY

After the presentationsof J.D. Bjorken and K. Eggert about
possible forward physics in pp and p-A collisions at the
LHCC "Workshop on Further Physics Topics’ (Nov. 1994)
the LHCC Committeerecommended thiskind of physicsby
noting: “ The LHCC noted the interest in diffraction, and
expects that such studiesmay also formpart of the LHC ex-
perimental programme. The committee encourages inter-
ested partiestowork together onanintegrated approachto-
wards thisphysics, whilst bearing in mind the LHC physics
priorities already established”

When the possibility for anew interactionregionin 14 be-
came reality (summer 1995) severa workshopstook place
to discussthe layout of afull acceptance detector.

In May 1996 the LHCC defined new rules for coming
activities: “ The LHCC urges that any new experimental
intiative should be consistent with the restricted resources
likely to be available, and combined as far as possiblewith
one of the foreseen experiment.”

In an Oct. 1996 memorandum[2] to the LHCC, FELIX
responded to these new guidelines by describing, in de-
tail, the FELIX set-up, strategy and financial assumptions.
The groupreceived general encouragement from the CERN
management to go ahead with the Letter of Intent.

During the spring and summer of 1997, the FELIX col-
laboration mobilized for the preparation of the Lol, which
was submitted to the LHCC in August 1997.

In November 1997, the LHCC chose to address the FE-
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LIX Letter of Intent, finding

... that the FELIX Lol is not responsive to these guide-
lines. Whilethe physi cstopicsaddressed by the programme
proposed in the Lol are of interest (particularly the com-
plete reconstruction of diffractive events), the likely costs
of constructing the proposed dedicated detector and of the
modificationsto the LHC collider are very highin compari-
son with the probabl e physics output. Finally, the composi-
tion and strength of the collaboration seem inadeguate for
carrying out a strong programme addressing these physics
topics. [3]

The CERN Research Board has since endorsed the deci-
sion of the LHCC.

The FELIX collaboration believes that these decisions
were reached in a precipitate manner, with gross violation
of due process. In particular, there has been no thorough
scientific review of the FELIX proposal. Indeed, aprimary
grievance is that the LHCC referees never contacted the
proponents before arriving at its negative conclusion, nor
were the proponents permitted to directly present theinitia
tive in person to the committee. Important issues, includ-
ing possible staging scenarios to reduce cost, and ongoing
efforts to build collaboration strength, were thus never pre-
sented to the committees.

The justification of the decision which has been pre-
sented by the LHCC, the Research Board and by the Di-
rector General clearly has to do with costs: CERN is un-
der great financial stress, and theissue of affordability is of
courseavery rea one, an issue not unnoticed by the collab-
oration. Itisclear that the FELIX collaboration as presently
constituted isfar from being able to provide the resources,
a point which was reinforced in private discussions by the
CERN Director Generd, who has indicated that he might
have considered the FELIX Lol more serioudly if the Col-
[aboration woul d have been stronger, and with more collab-
orators from CERN Member States.

FELIX hasformally protested both the conclusionsof the
LHCC and the procedure by whichthe FEL1X Lol has been
considered by the LHCC.



The LHCC and Research Board have, however, raised
severa critical points. FELIX had originally expected to
address such issues via direct interaction with the referees
and the LHCC through the usua procedures. In the present
situation, we believe that the best way of proceeding isto
present an addendum to the FELIX Lol to the LHCC which
will contain athorough discussion of the following points:

o thecomplementarity of the capabilitiesof FELIX with
those of the already foreseen experiments;

e staging scenarios for the FELIX detector; including

e thepossibility to construct apreliminary version of the
FELIX experiment at FNAL, HERA or RHIC with a
stronger collaboration to demonstrate both the techni-
cal feasibility aswell asto obtain afirst glimpse of the
physics.

FELIX welcomes al additional collaborators, and will
continue to expand the collaboration, with particular em-
phasis on CERN member states. FELIX will also work to
identify funding sources. Finaly, the entire FELIX collab-
oration will continue to work on substantive issues as out-
lined above, and in the LOI. In particular, we are proceed-
ing with the design and construction of aprototypeforward
tracking station, as sketched in Figure 5, to be tested at one
of the current generation of colliders. Prototypesof thevar-
ious forward cal orimeters are also under construction.

FELIX looks forward to a more positive response from
the Committees. It isclear, however, that more people must
soon jointheeffort if FELIX isto succeed.
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Abstract

We discuss effects of field modulations in accelerators,
specifically those that can be used for operational beam di-
agnostics and beam halo control. In transverse beam dy-
namics, combined effects of nonlinear resonances and tune
modul ationsinfluence diffusion rates and tail transport, and
some qualitative control of loss rates with applied tune
modul ation has been demonstrated. In the longitudina do-
main, applied RF phase and voltage modulations provide
mechanismsfor parasitichalo transport, useful inslow crys-
tal extraction. Experimental experiences with transverse
tune and RF modulationsare al so discussed.

1 INTRODUCTION

Inthepast several decades, the hadron beam dynamicscom-
munity has expended considerable effort to understand the
effects of power supply ripplesand magnetic field modul a
tions. For example, transverse tune modulation in conjunc-
tion with nonlinear resonances is well established as asig-
nificant contributor to beam lifetime. This experience has
led to the suggestion of methods, both transverse and lon-
gitudinal, that use magnet modulations to control dynamic
beam loss and halo population.

This paper briefly reviews modulation phenomena im-
pacting beam hal o population and transport, and long-term
(> 10 turns) beam and luminosity stability, as well as re-
cent uses of modulationsin beam diagnostics.

2 EXAMPLESOF MODULATION

Noise at some level isaways present in asynchrotron, and
excites the beam at broad-band frequencies. The broad
frequency spectrum arises from a confligration of multiple
noi se sources including ground motion, local industria ac-
tivity, and electrical noise. Noiseis also routinely applied
to transverse dampers to excite coherent beam oscillations
for tune measurements.

Transverse tune modulation also arises from severa
sources. Dominant main bus power supply ripples range
from 50-1200 Hz at 50 or 60 Hz harmonics, with tune
widths AQ up to 10~%. Chromatic tune modulation
changes frequency with the synchrotrontune Q g, typically
from 50-500 Hz, and can create tune spreads up to AQ ~
10~3 — it is worst at injection, where beams have their
largest momentum spread. Controlled tune modulation can
beapplied upto 1 kHz (or faster, with ferrite magnets), with
strengthsup to AQ = 10~2.

IWork performed under the auspices of the US Department of Energy
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Accelerator RF systems lack the DC regul ation and spec-
tra modulation found at power frequency harmonics in
main magnets. However, RF phase and amplitude modu-
lation are used during transfer and storage cogging, and in
parametric feedback loops used to control multibunch in-
stabilities. The frequencies most relevant to slow dynam-
ics and ha o control range from low frequenciesto the syn-
chrotron frequency, Qs.

3 MODULATIONS AND BEAM DIAGNOSTICS
3.1 Narrow-band excitation and response

The SPS and LEP Q-meter systems alow application of
white noise, single-frequency excitation, and frequency-
swept dipole modulations (chirps) on a transverse damper.
The transverse tunes are then calculated with overlapping
FFTsof digitizedturn-by-turnBPM signals, allowingtrack-
ing of the SPS tune through an acceleration cycle.

Calculations and experience have demonstrated that
transverse emittance growth as low as 10% is achievable
for 150 tune measurements through the SPS acceleration
cycle, with short chirped modulations. PLL feedback and
tunetracking al so gives reasonable growth rateswith much
smaller narrow-band feedback, but requires careful tuning
and baance between bandwith and precision to achieve
similar results[1].

3.2 Beam-based instrument and optics calibration

In severa electron storage rings, quadrupole modulation
has been used to dead-reckon deviations of the closed or-
bit from quadrupol e magnet optical centers, without requir-
ing absolute knowledge of relative magnet and BPM sur-
vey cdibrations. Harmonic analysis of BPM signals at the
modul ation frequency can indicate magnet deviations with
precisions of 100.m, using modulation strengths as low as
0.03% of the magnet strength. However, such amethod re-
quiresindividua shunts and power suppliesfor modulated
quadrupoles[2].

These methods have also been used to accurately mea-
sure relative phase advances between BPMs in LEPR, and
thus make lattice optics measurements parasitically during
the course of operations. Such methods might be applied to
measure | attice optics through accel eration ramps [3].

3.3 Instability damping

Recently, chromaticity modulation has been suggested as a
means to damp the transverse head-tail instability, which
limits single-bunch intensities in some machines. Modu-
lation of the chromaticity over the RF synchroton period
would create an incoherent transverse tune spread over the
beam, cresting enough phase mixing to raise the threshold
of instability by ordersof magnitude. Thisisthefirst exam-
ple of nonlinear modul ations applied to beam stability, and
investigations of the dynamical implications of sextupole
modul ations are ongoing [4].



4 TRANSVERSE TUNE MODULATION

During storage and collisions, nonlinear beam-beam &f-
fects, as well as error fields in main magnets and nonlin-
ear correction magnets, produce nonlinear resonances in
transverse phase space. Since a complete discussion of
two-dimensional resonances isinappropriate here, we shall
restrict this discussion to isolated one-dimensiona reso-
nances. Motion under theinfluence of these resonances has
been extensively studied, and is applicable to processes de-
scribed inlater sections. Further detail sand references may
be found e sawhere [5].

Motion within an isolated one-dimensional resonance is
characterized by the appearance of “resonance idands’ in
transverse phase space (Figure 1). Moving to a coordinate
system near the center of one of theseidlands, thisbehavior
may be parameterized with pendular equations of motion.
The frequencies of oscillation within the resonance idland,
around the central fixed points, range from zero near the
separatrix to @, the“isdland tune”, very near thefixed point
at the center of theisland. Like the dynamical whisker map
and simpl e RF synchrotron motion, motion near the separa-
trix has very low frequency, and thusis highly sensitiveto
perturbati ons such as tune modul ation.

Resonant Transverse Phase Space

60 T T T T T

Phase (normalized, mm)

-2.0 0.0 2.0
Amplitude (mm)

-4.0

Figure 1: Two sets of resonances, Q@ = 2/5and Q = 3/7,
in one-dimensional normalized transverse phase space.
Motion is stable up to more than 6 mm in the tails, and the
core motion is regular and unperturbed by the nearby reso-
nances.

4.1 Parameterization and character of tune modulation

As with driven pendulum motion, particle motion near and
within resonances is highly sensitive to tune modulations
with frequencies near theisland tune (@ ;. Weak resonances
havesmall isandtunes(ontheorderof Q; = 10 °t0Q; =
10719) and small spatial extent. Very strong resonances,
usualy created explicitly by nonlinearitiesduring beam dy-
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namics studies, have larger island tunesup to Q; = 1073
or more.

One-dimensional transverse tune modulation may be pa-
rameterized by

1)

where (¢, Q) are the tune modulation strength (in tune
units) and frequency. The behaviors of isolated one-
dimensional resonances under the influence of tune mod-
ulation has been extensively studied in the past decade.
This has produced complementary approaches that can be
summarized by a parameterized tune modulation phase di-
agram, Figure 2.

This figure, when interpreted properly, is particularly
powerful. Two parameters of the tune modulation, strength
and frequency, and one parameter of resonance strength can
be used to qualitatively predict the dynamics of anonlinear
system. When multiple resonances under the influence of
tune modulationinteract, e.g. at large particleamplitudesin
the beam hal o, controllable tune modulation can play asig-
nificant rolein halo transport and slow beam | oss.

Q = Qo+ qsin(27Qpt), [t] = turns
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Figure2: A parameterized tune modul ation phase diagram.
Resonant motion phases include stable motion (amplitude
and phase modulation), the crestion of isolated sideband
resonances (strong sidebands), and thick bands of bounded
stochastic motion (chaos) [6, 7, 8].

4.2 Modulational diffusion

Overlapping resonances and stochastic motion create am-
plitude growth and beam loss over timescal es ranging from
tens to millions of machine turns. Since strongly resonant
and stochastic motion are avoided in the course of opera
tions, practical interestsin slow tail transport and beam loss
concentrate on dlow diffusive mechanisms. Though trans-
versediffusionin hadron collidersispartly created by noise



growth, efforts have concentrated on other sources (such as
tune modulation) that provide operational access to correc-
tion and control.

The most promising of these sources is modulational dif-
fusion, originaly applied by Chirikov. Here tune mod-
ulation creates small bands of stochastic motion in one-
dimensional resonances, for resonances that have appropri-
ate small strengths and idland tunes. (See Figure 2.) This
stochastic motion, though bounded, serves asanoise source
that can be coupled into other dimensions of particle mo-
tion, thus creating dow diffusion. Simulations of mod-
ulationa diffusion with realistic magnet and beam-beam
nonlinearities and chromatic tune modulation have agreed
within factors of two with observation [5, §].

4.3 Experience: FNAL, IUCF, CERN, HERA-p

Beam capture onto resonances has been observed in exper-
iments at FNAL [6] and IUCF [7], and measurements of
strong resonances created by controlled nonlinearitieshave
been demonstrated to agree with simulations and theory.

In aseries of experimentsat CERN and DESY, resonant
dow diffusion has also been observed, similar to experi-
ments performed in FNAL's E778 experiments[8, 9]. Loss
rates were demonstrated to depend strongly on the presence
and character of tune modulation, and transverse diffusion
coefficients were measured. However, theselossrates were
also shown to depend strongly on machine conditions, cre-
ating difficultieswith reproducibility.

Diffusion and loss rates in the HERA-p halo have been
controlled by compensating 100 and 300 Hz quad bus rip-
ple lines with external tune modulation [10, 8]. After tun-
ing, thiscompensation reducted proton losses by up to 40%.
This experiment also demonstrated the use of PLL circuits
to measure tune modulation from beam-based measure-
ments, instead of inferring tune modulation from measure-
ments of quad bus ripple.

More recently, another compelling argument has pro-
posed that modulational diffusion is the source of the op-
erationa HERA-p dynamic aperture[11].

Transverse tune modulation, combined with knowledge
of magnet and beam-beam nonlinearities, can be used to
qualitatively control beam loss and halo growth. However,
the many sensitive dependencies on machine parameters
(e.g. base tunes, chromaticities, beam momentum spread,
magnetic nonlinearities) make quantitative control difficult
at best, and do not provideavery promising or sophisticated
way to control beam halo and long-term beam | oss.

5 LONGITUDINAL VOLTAGE MODULATION

During beam storage and collisions, longitudinal phase
space issignificantly simpler than thetransverse. Typically
asingle storage RF voltageis applied, cresting RF buckets
that are dynamically equivaent to free pendula. The syn-
chrotron frequency QQs(d) depends smoothly on momen-
tum offset & = Ap/p, ranging from the base synchrotron
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Unperturbed RF Phase Space
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Figure 3: Typica RF phase space at beam store. This mo-
tionisparameterizabl e asapendulum, withsynchrotronfre-
guencies ranging from Qsg = 0.008 a the center fixed
point to zero at the separatrix.

frequency Qso a small amplitudesto zero at the separatrix,
0 = Omax- (SeeFigure 3.

Dueto the character of RF feedback and control, thetwo
simplest quantities to modulate are RF voltage and syn-
chronous RF phase. RF phase modul ation, however, moves
RF bucket fixed points, and has the unfortunate side ef-
fect of modulating the location of experimental interaction
points. RF voltage modul ation instead modul ates the beam
momentum width by varying the bucket size. Useful volt-
age modulation strengthsincur changes much smaller than
the total beam momentum width, and should not have any
observabl e effects on colliding beam experiments.

When RF voltage modulation of theform

— = qcos(2mQprt)  [t] = turns 2

%4
isapplied, the pendular RF phase space of Figure3 becomes
that of a parametricaly driven pendulum [12]. Since pen-
dulum motion isnonlinear, a primary nonlinear resonances
isdrivenat amplituded,.s where Qs = 2Q s (dyes ), and the
region near the RF separatrix becomes stochastic. Multiple
voltage modulations may be applied, creating several reso-
nances,

Modulation strengths significantly less than 1% of the
RF voltage can create large resonance islands, as shown
in Figure 4. Furthermore, beam within these resonance is-
lands can be moved radially in the RF bucket with adiabatic
changes to the voltage modul ation frequency.

5.1 RF bucket halo transport

Following Gabella, et al. [13], one can use the resonances
created by several RF voltage modulations to construct an
integrated slow extraction system for crysta extraction.
Particles are adiabatically moved outwards from the beam
coretoa“drive’ resonance a alarge momentum amplitude



Voltage Modulated RF Phase Space
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Figure 4: RF phase space as in Figure 3, with RF voltage
modulation of depth ¢ 0.002 and frequency Qn =
1.8Qso. Notethetwo large primary resonanceislands, with
small higher-order islands crated near the separatrix.

inthe RF bucket. They then diffuseintothedriveresonance
through a web of weak stochastic resonances. Once within
the drive bucket, particles are smoothly moved outwardsto
amplitudes that achieve penetration depths consistent with
efficient crystal extraction.

Such a system requires several simultaneous voltage
modulations of varying frequencies and amplitudes. The
drive bucket frequency is low and constant, to place the
drivebucket at alarge momentum offset in RF phase space.
The “feed” bucket, which captures particles near the core
and moves them outwards, must ramp in frequency from
Qn =~ 1.95Q o down to near the drive bucket frequency.
Theoretical hamiltonian considerations give a maximum
frequency ramping rate of

dQm

i (©)

to maintain adiabatic capture. Furthermore, thefeed bucket

must be powered suddenly at the beginning of every ramp,

to capture beam nonadiabatically in the core. Threeto five

additional modulationsare added to creste weak stochastic-

ity around thedrive resonance. Gabella, et a. statethat this
improves transfer efficiency.

Though such an extraction system is complicated by the
many modulation parameters, it allows elegant control of
extraction parameters such as spill rate. Because this sys-
tem extracts particles by moving them to large momentum,
it also requires that extraction be performed at a point of
high horizonta dispersion.

< 2#@%((5res)

5.2 Experience: IUCF, FNAL, CERN SPS
521

Following the development of methods to track the syn-
chrotron motion of an electron-cooled proton beam, RF
voltage and frequency modulation have been extensively

IUCF experiments and theory
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Figure 5: The longitudina beam distribution for many
turns, acquired from a high-dispersion BPM sum signa
over many synchrotron periodsas observed in IlUCFfor two
different voltage modulation frequencies [15]. Beam cap-
turein resonance idandsisclearly visible.

studied in a series of nonlinear dynamics experiments per-
formed at IUCF [14, 15]. Beam capture in RF resonance
islands has been observed (Figure 5), and locations of res-
onance islands have been shown to agree very well with
theory. Many of their results on parametric oscillators and
driven resonances are applicabl e to both the transverse and
longitudinal domains.

Other relevant work on RF dynamicsinvestigated by the
IUCF group includes double RF systems and barrier bucket
dynamics. When combined with resonant behavior and RF
voltage modulations, the results may be applied to RF ma-
nipulationsranging from transition crossing to efficient re-
bucketing [16, 17, 18].

5.2.2 FNAL and CERN crysta extraction

Experiments with crystal extraction, such as those per-
formed a the CERN SPS and Fermilab Tevatron, have pro-
duced extraction efficiencies ranging up to approximately
30%. These experiments have suffered from the necessary
limitation of crystals placed at |ow-dispersion aress, disal-
lowing the opportunity to investigate RF-based extraction
schemes such as those described above. Instead, tails were
populated in the full phase space by application of noiseon
transverse dampers, or the beam was kicked into large beta-
tron oscillationsto physically overlap circulating beam tails
with the extraction crystal [19].



6 SUMMARY

Single-frequency and narrow-band modul ationsare becom-
ing more common with the advent of high-sensitivity sys-
tems in beam instrumentation. Minute responses to small
excitations are locked and tracked while minimizing beam
disturbances, and create the opportunity for understanding
and experience with beam response during operations. Pre-
vious approaches using broad-band noise are unfriendly to
luminosity requirements of colliding-beam experiments.

There have been qualitative and quantitative successes
in the realms of nonlinear dynamics and magnet modula
tions, both transversely and longitudinaly. In particular,
tune modulation and transverse nonlinear dynamics have
been combinedto qualitatively affect slow tail transport and
loss, though there are complex dependencies on even small
changes in machine parameters. Transverse tune modula
tion may be controlled viafeedback, butitisnot apromising
mechanism in the search for delicate slow extraction mech-
anisms during collider operations. The changing nature of
beam sizes and beam-beam forces, and the resonances they
create, isenough to limit the functionality of this approach.

RF space particle transport is more promising than the
transverse, owingtothe simpler nature of RF dynamics, the
lack of strongly driven resonances, and the slower charac-
teristic frequencies of motion. RF voltage modulation is
accessible at frequencies and strengths required for low-
intensity tail repopulation, and a promising parasitic mech-
anism has been proposed for crystal extraction [13]. How-
ever, RF extraction methods are only applicable for crys-
talsplaced in high-dispersionareas. As of the present there
are no known plans to experimentally investigate high-
dispersion crystal extraction.
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Abstract

Nonlinear waves have been observed in synchrotrons for
years but have received little attention in the literature.
Whilepathol ogical, these phenomenaare worth studyingon
at least two accounts. First, the formation of solitary waves
may lead to droplet formation that causes significant beam
halo to develop. Itisimportant to understand the conditions
under which such behavior may be expected interms of the
meachine impedance. Secondly, a variety of nonlinear pro-
cesses are likely involved in the normal saturation of un-
stable oscillations, leading to the possibility that low-level,
but potentially broadband fluctuation spectra may develop.
The resulting fluctuation spectra carry indirectly the signa-
ture of the machine impedance. In this work we review
a number of observations of nonlinear longitudinal waves
made in Fermilab accelerators, and make afirst attempt to
devel op appropriate theoretical models to explain these ob-
servations.

1 INTRODUCTION

Over the years, nonlinear wave phenomena have received
scant attentionin high energy synchrotrons, in part, because
of the mathematical difficulty of this subject, but also due
to the fact that nonlinear wave motion isusually associated
with a pathological state of an accelerator that is best to be
avoided. Whilethisisindeed truefor the most violent non-
linear effects, abroad class of low-level processes may be
playing arole in many present machines, and the drive for
ever higher beam intensitiesmay |ead to the widespread oc-
currence of nonlinear wave phenomena.

In particular, in the case of the dynamical behavior in
the vicinity of an intense, stored beam, we areinterested in
the formation of beam halo, either as a diffuse cloud, rep-
resented by a departure from a Gaussian distribution, or as
droplets which may occur in a type of phase transition at
beam’s edge dueto coherent modes. In addition, it is useful
to study the formation of an equilibrium state, if it exists,
between a broad spectrum of marginally stable modes and
some wesak dissi pative mechanisms that can lead to a satu-
rated state of low-level turbulence, which, inturn, can affect
the rate at which the halo population is generated. These
phenomena can be expected to be most prevalent in hadron
rings owing to the weakness of the damping mechanisms,
and our attention in this paper isfocussed on this case.

While these subjects are mathematically complex, arich
literature dready existsin the field of plasma physics that
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deals with these questions, dthough the interparticle force
predominantly considered in thisliteratureis due to space
charge alone. At the relativistic energies typica in mod-
ern accelerators, the interaction between particlesis dom-
inated by wall image currents, i.e. the wakefields, which
complicates the nature of the interaction, but can also lead
to awider variety of wave phenomena. Itisour aiminthis
work to highlight observations of nonlinear wave phenom-
enain high-energy synchrotrons and to point out methods
of analysis from plasma physics that can be applied to the
study of these topics.

The types of wave behavior in beams may be classified
according to the degree of nonlinearity, in parald with the
concepts in plasma physics. In the linear regime, a reso-
nant mode can be driven resultingin aresponse at thedrive
frequency which is characteristic of the beam intensity and
the nature of the wakefield, or impedance, of the machine.
When detected by a suitable pick-up, the driven response
can shed light on the properties of the wakefields and the
proximity of the beam to the stability threshold. This so-
caled transfer function method [1] is widely used to study
accelerator stability.

If an accelerator is operated just above its stability limit,
the most unstable mode is driven into exponential growth
by the wakes, reaching a saturated, though marginaly sta
ble, state as the beam distribution is altered by the grow-
ing waves. If the spectrum of unstable modesissufficiently
broad, the phase of the perturbation is effectively random,
and the interaction of waves and particles leads to parti-
cle diffusion in phase space, known in plasma physics as
quasi-linear diffusion [2]. The analog in beams, known as
the 'overshoot’ phenomenon, has been studied [3],[4], d-
though the applicability of this model is unclear owing to
thetypically narrow unstabl e spectrum found in many stor-
age rings. A recent numerical study of this phenomenon
that showsthe complexity of theinteraction isfoundin ref.
[5].

However, particularly in hadron rings where the absence
of synchrotron damping allows virtually unimpeded mode
growth, unstable waves can grow to finite amplitudes that
permit a significant fraction of the beam to become trapped
in its own wake. The resulting wave motion couplesto the
trapped particles in such a way as to give rise to sowly
damped oscillations. This phenomenon is known as non-
linear Landau damping in the plasma physics literature [6]
(in comparison to linear Landau damping which is part of
the linear beam response). It isto be expected that where a
discrete spectrum of unstable waves can occur, as is often
the case in a synchrotron, that nonlinear Landau damping
can play an important role.

At the next higher level of nonlinear interaction, coher-
ent modes can resonantly interact in aprocess known asthe
three- wave interaction [7]. This leads typically to a cas-
cade in frequency which, due to the harmonic character of
many modes in storage rings, readily occurs and can cause
a broadening of the original unstable spectrum. This phe-
nomenon has been studiedinthesimplecase of longitudinal



oscillationsin a coasting beam, [8] and it can be expected
that similar wave-wave coupling can occur inthetransverse
plane and in bunched beams as well, abeit with different
resonance conditions.

If the coherent motion is particularly violent, and suffi-
ciently dissipative, then thetrapped portion of the beam can
self-extract from the core of the beam distribution, forming
dropletsat the beam edge that can be self-sustaining. These
are, presumably, aform of solitary wave, or soliton, which
is perhaps unique to a high-energy synchrotron due to the
complex character of the wake field. Such solitary waves
may be a primary producer of halo particles for weakly-
damped hadron rings.

Ingeneral, weareinterestedinthefinal state of thesevar-
ious nonlinear interactions: the condition where the coher-
ent modes reach marginal stability through either a change
in the beam distribution, or through frequency spreading
of the spectral distribution. In the latter case, the phonons
themselves can be thought of as comprising a fluid which
comes into equilibrium, the details of which depend on the
inter-phonon interaction. In the plasma physics literature,
scaling lawsfor the resulting turbul ent fluctuati on spectrum
have been derived ([9] and references contained therein).
For our purposes, we would like to understand how aspects
of the machine impedance, and therefore the detailed de-
sign, contribute to the form of the equilibrium turbulent
spectrum, if it exists.

In this paper we review the observations made at Fermi-
lab [8] in stored high energy hadron beams and compare
the observations with numerical simulations. Our exper-
imental studies, and thus our theoretical work, have been
focussed on the phenomena in perhaps the smplest of al
cases, that of longitudinal oscillations of a coasting, or un-
bunched, beam inastoragering. Assuch, thesurface of this
subject has only been scratched, and our aim hereisto out-
line the steps that would have to be taken to study any of
the many other possible situations where nonlinear waves
can occur. Moreover, we would like to underscore the im-
portance of understanding turbulencein beams that we feel
will be playing an increasingly important role as beams are
more commonly run closeto, or even above, their linear sta-
bility boundaries.

2 REVIEW OF BASIC PHENOMENA
2.1 Sabilityin Particle Beams

In the case of ahigh-energy stored beam, the growth of co-
herent wave motion is normally undesireable. Wakefields
can drive such waves, though the mode growth is counter-
acted by damping dueto the spread in frequencies of thein-
dividua particlesmaking up thebeam, and thisdamping ef-
fect wasfirst derived for aplasma, known as Landau damp-
ing [10]. A well known technique for determining the lin-
ear stability boundary of a beam isto excite driven oscilla-
tions on the beam and to monitor the amplitude and phase
of the beam’ s response, which includesthe effects of wake-
fields. Thistechnique, known as a beam transfer function,
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[1], yields for longitudinal motion in a coasting beam are-
sponse of theform

1
RO = o+ A0 O
27 f—oo Q—m(ws+koe) €

where w; is the harmonic revolution frequency, f, is the
longitudinal particle distribution function, ¢ is the energy
deviation, k, is the frequency dispersion factor and Z(£2)
is the machine impedance. This functionisdirectly related
to the dispersion relation for longitudina modes given by
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Figure 1: Theoretical shift of the beam response dueto an
impedance. The curve centered on the origin (dashed) is
the response when thereis no impedance, and the displaced
curve (dotted) istheresponsewhen thereisan impedance of
(Zz, Zy) = (.05,—.04). The magnitude of the impedance

is|M| = /22 + Z2 = .064(, and the phaseis ) = —39°.
The beam di stributi on used was Gaussian in energy, and the
beam parameters were arbitrary.

The stability boundary can be depicted in the impedance
plane asthecurvefor which Im(£2) = 0, asshowninFig.1.
The machineimpedance can beextracted from the measure-
ments as an offset of the centroid of the stability curve, pro-
vided the beam distributionis known, assumed to be Gaus-
sian here.

2.2 The Three-Wave Interaction

Wesakly nonlinear processes are described using the same
techniques as in linear stability theory, with the exception
that asecond-order frequency mixingtermisincludedinthe
description of the dynamics. The effect of the frequency-
mixing leads to aresonant coupling phenomenon by which



modes at two separate frequencies coupleto produce are-
sponse at athird frequency, a process known as three-wave
or parametric coupling. The processis characterized by se-
lection rules such that

3)

corresponding to conservation of energy among the waves.
A similar condition appliesto the mode wavenumbers, cor-
responding to conservation of momentum. Dueto the peri-
odicity in aring, this condition can be readily satisfied for
alarge number of normal modes. We have studied the cou-
pling for longitudina modes theoretically and found three-
wave coupling obeys a dispersion relation that couples the
linear response of harmonic m and m-n through an idler
mode at harmonic n.
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and V, isthe drive amplitude, I, isthe beam current, 7 is
the dip factor, 2= isthefractiona energy spread and E,, is
the beam energy.”

The implication of Eq. 4 isthat three-wave coupling is
most likely near the stability threshold for any of the modes
involved. The selection rule Eq. 3 leads to a single-sided
coupling, which was observed experimentally, as shown in
Fig. 2.

An interesting issue to investigate is how the power in
the excited modes variesintime, especially in the presence
of damping. Experimental observationsindicatethat avery
regular cascade toward lower frequencies takes place, evi-
dently due to successive three-wave coupling events. This
behavior istypical for adissipative system with sufficiently
high mode density, and may be described by the following
system of equationsfor the mode amplitudes.

8A7H
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where the matrix element of the interaction has been sym-
bolized as V,,,.;, and is defined by as the following,
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It isworthwhileto notethat as the multiplicity of modes
becomes sufficiently dense, the coupling between waves
governed by Eq. 6 can lead to a solitary wave phenomenon
[11], and this subject will be described further in alater sec-
tion. In the above mentioned work, only the interaction of
longitudinal modes has been considered. It is aso reason-
able to expect that transverse modes can be coupled, espe-
cialy where nonlinearitiescan play an important role, such
as in the beam-beam interaction. This should be a fruitful
area for further study.
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Figure 2: Three-wave coupling spectrum for longitudina
modes in a coasting beam in the Tevatron, 150 GeV beam.
Excitation at h = 1000, (47.712 MHz) as shown in the up-
per graph, led to successive excitation of lower sidebands
accompanied by low frequency modes, shown in the lower
graph, which satisfy the selection rule. Thelower graph be-
ginsat zero frequency and in each figure thefrequency span
is2 MHz. Thevertical amplitudesare in arbitrary unitsbut
the scales are logrithmic.
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Figure 3: Power versustime at h = 105 in response to a
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drivepulse hasbeen drawninfor reference. Animpulseex-
citation leads to slowly decaying amplitude oscillations as
trapped particles exchange energy with the wakefield.

2.3 Nonlinear Landau Damping

Sufficiently largewakefiel dsdisturbaninitially smooth par-
ticle distribution by trapping particles within the potential
wells of the waves generated. The particle motion de-
coheres with a time constant that is significantly longer
than the inverse frequency spread, or linear Landau damp-
ing time. The trapped particles undergo synchrotron os-
cillations in the self-generated potential wells, aternately
exchanging incremental energy with the wakefields. The
combination of energy dispersion of the particles and the
nonlinearity of the voltage waveform eventually causes
phase mixing of the coherent motion. Thisnonlinear damp-
ing process is caled nonlinear Landau damping, and was
first studied in plasma physics. [6], [12] - [16].

Experimentswere carried out in the Fermilab Main Ring
which clearly showed the signature of nonlinear Landau
damping. In these studies, a short pulse of rf power was ap-
plied to the beam using an rf cavity at h=106 (5.03 MHz).
The resulting response showed a characteristic response
whose envel ope decayed not exponentially but in an oscil-
latory manner, as shown in 3. This behavior is attributed
to the exchange of energy between trapped particles and
waves as described above. Both anaytic [16], [12], [15],
and numerical work [14], on nonlinear Landau damping has
been carried out which descibes the behavior we have ob-
served. Thisresult will also be discussed further in a later
section on simulations.

It has a so been pointed out [16] that the advent of parti-
cle bunching is accompanied by the appearance of coherent
power in higher harmonics of the fundamental frequency
of the wakefield as the trapped particle bunches compress
within the potential wells. Such behavior has indeed been
observed in theexperiments described above[8]. Thiscom-
pression of the bunch length is essentia ly wavefront steep-
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ening which is a prerequisite for the formation of solitons.

24 Solitary Waves.

The formation of solitonsin abeam isof interest, since soli-
tons may well be the vehicle which carries coherent energy
in a highly turbulent state that might occur in a beam with
weak damping. A vast literature on solitonsin various me-
diaexists[17] - [20], though little effort has been given to
this subject in ultra-relativistic beams. In particular, soli-
tons in plasmas have been studied extensively, [18], [20],
which depend on the particular nonlinearity introduced by
the Coulomb force, i.e. space charge. A similar space
charge limit was studied for a coasting beam [21], [22], and
for a resonator impedance, [23], leading to the possibility
that solitonsmay exist in high energy beams under certain
conditions.

Since awakefield force is fundamentally more complex
than the space chargeforce, it can be assumed that the char-
acterigtics of a soliton will also be unique to the case of a
high-energy beam. In particular, it is interesting to know
what theimpact of thewakefiel d dissipation has on the soli-
tary wave behavior. Results from a variety of beam exper-
iments suggest that long-lived solitary structures may form
and extract themselves from the core of the beam over long
times [24], [25]. In other work, transient solitary waves
seem to appear [8]. In dl cases, solitons may be viewed
as phase-space dropletsthat appear in the beam, and under
some conditions, giveriseto a phase-transition and clumpy
halo formation. From this point of view, it is valuable to
understand their dynamics.

To thisend we sketch heretheresults of an analytic study
of longitudinal solitonson a coasting beam dueto ageneral
resonator impedance. This reperesents the simplest possi-
ble scenario for understanding such phenomena, will illus-
trate the mathematical procedure and serves as the starting
point for more complex situations. For the reader’ssake we
note that many steps have been omitted from the following
derivation for reasons of space. Full details will be given
in forthcoming work [26]. The model equationsfor the dy-
namics are given by the following system

of  of of
a7 +v 20 + )\1‘/8 =0,
oV oV 9 ol
912 + 2 a_T +w*V = 7 @)

1(6;7) z/dvvf(ﬁ,v;T),

where f (6, v;T) isthe longitudina distributionfunction,
V isthevoltage on a resonator of 7 = 55, w = 2= w, be-
ing theresonator frequency, and I isthei natantaneousbeam
current. Time ¢ has been normalized asT = wst. Further-
morev = L 40 — 1 4 k< jsthe dimensionless angular

dt
velocity of a 2 beam particle Sand
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where R isthe resonator shunt impedance. Using standard
moment techniques [28] on the above equations, we may
pass over to the hydrodynamic pi cture of longitudina beam
motion and start from the system of gas-dynamic equations

dp 0

ar T a0 (pu) =0,
ou ou a2 dp
0?V ov 9 0
W—l—?ya—T—l-w V= a—T(pu),

where p and v are the density and the mean velocity mo-
ments of the distribution, respectively, (the variables p and
V' have been appropriately scaled) and A = poA1. (po
constant is the equilibrium beam density.) Using a renor-
malization group approach [26], [27], we may derive a set
of amplitude equations for the rescaled beam density R,,
the current vel ocity u,, and the mode envel ope function E.

Before proceeding, wewould like to examine the stabil-
ity problem of stationary waves in this system, which can
be done without a formal solution of the amplitude equa-
tions. The approach, introduced by Sagdeev [18], isto ook
for forms of the nonlinear equations which correspond to
harmonic motionin an effective potentia well. Such states,
if they exist, are conjectured to be allowed solitary waves
in the nonlinear system. To thisend let us write down the
full system of amplitude equations, which after appropriate
scaling reads as
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arethenew (rescaled) dependent variables. The coefficients
entering the above expressions are specified as follows:

2 2wq
4= —F— ; b=—,
o2+3 A
AWoWqTy
Cy = ———

AL

where o, is the normalized beam energy spread. The new
independent variables (timer and azimuthal position©) are
given by

AWy

0

Moreover in the above set of equations thefollowing nota
tions have been adopted

In order to proceed, we have to further assume that theres-
onator isweakly damped, namely the high-Q case. For this
case (v = 0) theansatz

w — A (Z) ei[(a+vo)z/2+ﬂ7—] 2 =0 — VoT
leadsto asystem of differential equationsfor p, v and ¢ ad-
mitting the following integral s of motion
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These integrals of motion suggest that the stability of sta-
tionary waves can be equiva ently described in terms of mo-
tion of a single particle in a (pseudo)- potential well. In-
deed, the function

1
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provided p isexpressed interms of A from the second inte-
gral, comprises a pseudo-potential function. In Fig. 4 we



Figure 4: Pseudo-potential based on the nonlinear wave
equations for a coasting beam. A minimum in this poten-
tia indicatesthe possibility for solitary waves (cavitons) to
form.

show U (A) for the simplest case of constant current ve-
locity v = v, (C1 = 0). We note that a minimum in this
pseudo-potentia corresponds to solitary waves that can be
effectively “trapped” in this potential well.

In the following, we can proceed to find approximate
closed-form solutions of these nonlinear equations, which
will alow usto explicitly find thetime behavior of the soli-
tary wavesin the presence of dissipation. Eliminating of the
current velocity from the complete set of amplitude equa
tionsand expressing 7 in terms of |1/

p=1—[ (12)
wefinally arrive at the damped nonlinear Schrodinger equar
tion

z% + iy =
2iv\ 0%  ay Oy 9
- (1 - w—o> 9 T wo0r 7y, (13)

where
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.= ).
Eqg. 13 admits closed form solutions that indicate solitary
waves can exist, but due to the dissipation in the model,
eventually disappear after initial generation. We interpret
this behavior as a gradua shrinking of the potential well
that occurs when thetrapped particles have decel erated suf-
ficiently from the the resonantor frequency. The results
for the voltage amplitude and soliton (caviton) density are
shown in Figs. 5 and 6 respectively. We note that a simi-
lar equation has been derived [22] from an entirely different
perspective. It isalso worth noting that Eq. 13 is a special
case of the complex, cubic Ginzburg-Landau equation[29],
widely used to study various pattern formation phenomena
and coherent structures.
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Figure 5: Voltage amplitude evolution of the solitary wave
dueto aresonator impedance. In theframe of thewave, the
amplitude persists for long times but eventually damps as
the soliton decel erates away from thebeam core, and hence,
the resonator’s resonant frequency.

2.5 Turbulence.

The study of turbulencein beamsis valuable primarily be-
cause it may beauniversal phenomenon, at least at low lev-
els, which plays arole in determining the limiting phase-
space density in any machine. The effect has likely been
small in machines well below their stability thresholds,
however, as intensities have been pushed closer to stabil-
ity limits, nonlinear wave interactionscan occur which lead
to amarginaly stable equilibrium. A first attempt at deter-
mining the fluctuati on spectrum for abeam was obtai ned by
considering the equilibrium state of a Gaussian beam [30].
The resulting spectrum was related to the linear dielectric
function and showed that the fluctuation density would be
strongly peaked for cases near the linear stability limit. It
is our conjecture that such a situation may have occurred
in the Fermilab Tevatron during recent attempts to redize
stochastic cooling of bunched beams[31]. A broad, station-
ary spectrum of fluctuations was observed at many times
the expected Schottky, or shot noise, levels. The harmonic
generation observed in the Fermilab Main Ring mentioned
aboveisconsistent with these observationsaswell. Itisour
aim in thispaper to outlineatheoretical approach to under-
stand the formation of an equilibrium spectrum and to un-
derstand the spectral amplitude dependence on the charac-
ter of the machine impedance.

The approach taken isto develop a statistical description
of fluctuationsfor an ensembl e of coupled modes. Thismay
be viewed as a development of the amplitude equations as-
sociated with coupled modes, asin Eqg. 6. The interaction
between modes may bethree-wave, asgivenin 6, or higher-
order. Inthiswork, weoutlineagenera procedure, but keep
only interactionsup to thethree-wavelevel. The result will
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Figure 6: Caviton density evolution. A density depression
associated with the solitary wave decreases in amlitude at
long times as the wave amplitudeitself decreases.

be a scaling law for the envelope of the fluctuation spec-
trum.

The starting point for our analysisis the system of equa-
tionsfor the fluctuation 6 NV of the microscopic phase space
density and the fluctuation 5V of the voltage[9]

0 0 0

of 0
25V vV, 951
9 e TV T e

5I=/dv(1+v)5N(U,v;9)

written in the variables 0 = 0 — wt and v = koe/ws.
Fourier transforming the above equations and using the
concept of slowly varying amplitude of weakly nonlinear
waves one obtains the following equation

0 0

.

—rk> Vi =~y
Qp

X Z A% (k7Qk1 +Qk2;k259k2)
k1+ko=k
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for the amplitudes 6V}, where

dv(14+wv) Of

€ (k, Q) = 1+i)\nZ(k:)/m%,

isthe dielectric permittivity and
2z
Ko (k, Qs o, Q1) = MTY(k)/dU(l—l-’U)

" 1 0 1 of
Q—kv4100v \ Q1 —kiv+i00v
isthe second order susceptibility of the beam. Here
ik
k2 —w? + 2ivk

Z (k) =

isthe familiar resonator impedance function and
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are the group velocity of waves and the damping factor re-
spectively. For theslowly evolving part Ay, of thewaveam-
plitude 0V it is straightforward to derive the equation

0 o .
(% +Qg% =+ 1w —Fk> A =

S (k, k1, ko, ks)

= Z

k+ki1=ka+ks3
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where
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+ho(k — k2, Qry + Qi k2, Q)]

wg = Q — sign (k) Vw? — n.

Averaging of theequationfor Ay yieldsthekineticequation

S (k, k1, ko, k3) =

for waves
) )
Q= o | Iy =
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where
(ApAg,) = Id (k + k1) .

Dimensiona analysis of the kinetic equation for waves
gives the following fluctuation spectrum law of Kol-
mogorov type

/3

I, ~ const x k™ (17)

We note that this power |aw spectrum, which in thiscase
isdueto aresonator, would indeed lead to the type of broad
fluctuation spectrum seen in experiments. However, at this
time, a detailed study of the scaling of the observed spec-
trum has not been made. An extension of the above work
to consider bunched beams, and other types of machine
impedance would be very worthwhile.

3 SIMULATIONS

In thiswork, we are interested in demonstrating examples
of the nonlinear wave behavior we have described analyt-
icaly. No attempt is made to closely model area device,
though this could be done with the building blocks we pro-
videhere. We shall concentrate onthelongitudinal plane, as
explained above, and carry out simulations exculsively on
a coasting, (unbunched) beam, for simplicity. We adopt the
resonator model described above and follow approximately
the procedure adopted in early simulation work [32]. The
particle evolution equations are given by

de = 2mew V (t)

dt
@
at
dV (UTR Wy
w0 (I—Il)—av (18)
dl; wr@
g v
dt R

where ¢ is the energy deviation from the synchronous en-
ergy and V isthevoltageinduced in a resonator with shunt
impedance R, resonant frequency w,. and quality factor Q. |
istheinstantaneouscurrent given asthe projection of phase-
space onto the § axis

o0
=S5 / fde
2 J_

The energy dispersion n isassumed to be a constant and the
particledistributionisadvanced each time step according to
Eg. 18. Thenthe currentiscomputed, followed by thevolt-
age on the resonator using Eq. 18. Results for the case of
a coasting beam are shown in Figure 7 - 9. The simulation
parameters are givenin Table 1.

InFig. 7, the phase-space distributionis shown, initialy
assumed to be uniform in 6 and Gaussian in energy. Af-
ter 500 time steps, the resonator has devel oped a sinusoidal

VTV

Figure 7: Simulation after 500 time steps for the model
problem listed in Table 1. The upper portion represents
¢ — 0 phase-space. The middle curveisthe cavity voltage
as applied to different portions of the beam and the bottom
curveistheprojection of phase-space onthetheta-axis, rep-
resenting the instantaneous current. The resonator wake-
fields have caused bunching which shows significant parti-
cle trapping and consegquent wave overturning. The particle
current shows strong locd intensification of the beam den-
sity corresponding to the solitons.

voltage from theinitial noise level (due to the finite num-
ber of particles) which has succeeded in bunching alarge
fraction of thebeam and synchrotronmotionin theresulting
potential well istaking place. The synchrotron motion can
also bethought of as synonymousto thewave-breaking pro-
cess which has been described in plasma physics[12]. As
time proceeds, Fig. 8, shows a deceleration of the trapped
particles from the core of the beam, and the decelerated
portion remains well-organized, and even intensifies as its
length is foreshortened. The voltage in the resonator then
becomes phase-locked to the’ droplets’ and the voltage am-
plitude oscill ates as they movein and out of phase with the
remaining coherent structure in the beam’s core. We note
that the droplets thus formed bear the characteristics of the
solitons discussed in the previous section, remaining self-
organized for long times.

As the dissipation in the impedance continues to decel-
erate the solitons Fig. 9, the resonator voltage drops dueto
the high Q value, or narrow bandwidth, assumed. This, in
turn, reduces the decel eration rate and the depth of the po-
tential wellsthat can sustain the solitons. Assuch, a steady
state can be reached where the remaining trapped particles
reach a stable equilibrium outsidethe beam, in accord with
the analytic modd for solitary waves. The envelope of the
cavity voltageand the mean energy deviation of thesolitons
areshownin Fig. 10, indicating decel eration of thetrapped
particles. A steady state is eventually reached, though not
shown, where the solitons have moved sufficiently off res-
onance that the decel eration ceases.
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Figure 8: Phase-space after 1000 time steps. Portions of
the originally trapped particle popul ation have decel erated
from the core due to the finite resistivity of the wakefields.
The solitons remain, however, well-organized as they ex-
perience decel eration. Both the cavity voltageand the den-
sity perturbationshave decreased, but persist for longtimes.
The diagrams havethe same meaning asinthe previousfig-
ure.

We show the final results for alow-Q cavity in Fig. 11.
These are quaitatively the same asin the previous case, but
the structure of the solitons has taken on a decidedly ran-
dom character. Thisisevidently duetothefact that thefrac-
tional contribution of noise to the cavity voltage is larger,
owing to the wider bandwidth of the cavity, resulting in a
more random distribution of potentia well sizes. Droplet,
or soliton formation, still occurs, but the resulting fluctua-
tion spectrum is broader. The onset of the solitary waves
can be viewed as aphase transition at the beam’s edge pro-
duced by the resonator’s wakefield. This is the case, we
believe, that is most frequently encountered in actua ma-
chines.

Table 1: Modd Simulation Parameters

Parameter Value
Resonator | mpedance 100 Ohms
Slip Factor n .001
Resonator Quality Factor 10.
Typica Beam Energy Spread o./Ey | 1 — 4 x 1073
Number of Particles 10000

We note that the fluctuation spectrum associated with the
abovedistributionisdueto theensembl e of strongly nonlin-
ear waves and islikely beyond the realm of the three-wave
interaction described in the scaling law in the previous sec-
tion. Aninterestingstudy to becarried out i sthe experimen-
tal and theoretical determination of the spectral shapein a
machine whose impedance is well-known.

= ab & &8 9B

Figure9: Phase-space after 2000time steps. The beam core
isnow largely decohered, however, the solitons continueto
decelerate dowly and maintain the remaining cavity volt-
age well off resonance. The diagrams have the same mean-
ing asin the previousfigure.

4 CONCLUSIONS

In thiswork we have attempted to outline various levels of
nonlinearity in coherent interactionsin high-energy beams.
Besides the general academic interest of nonlinear dynam-
ics, for which high-energy beams provide an excellent test-
ing ground, there are at least two areas where the study of
nonlinear waves can find applicationin accelerator physics.

Thefirst isthe study of halo formation in which the non-
linear evolution of coherent fluctuations can lead to soli-
ton, or droplet, formation, as described in previous sec-
tions. Whilethereis suggestive experimenta evidence that
such states can occur, there has been little detailed study
of this phenomenon, and we assert that there is much to be
learned about machine wakefiel dsthrough the study of soli-
tary wavesand their interactions. Specifically, wehaveonly
considered the simplest case, that of longitudina wavesin
an unbunched beam, and there are many other cases of in-
terest in high-energy accelerators.

The second application is the study of non-equilibrium
fluctuations driven by wakefields. Nonlinear mode-mode
coupling permits a frequency cascade, both toward lower
and higher frequencies via separate processes. The pho-
ton distribution that results is an equilibrium between the
nonlinesar interactions producing the cascade and weak dis-
sipative mechanisms. These mechanisms are assumed to
be related to the broadband impedance of the machine,
though other mechanisms may aso be responsible. We
have carried out amodel calculation for a specific form of
impedance that yields a specific scaling law for the turbu-
lent spectrum. A number of assumptions comeinto play in
the development of this model and the situation is ripe for
careful experimental testing. The benefit of thisstudy isthe
understanding of thesignificance of low-leve turbulencein
the limiting parameters of a given accel erator.
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Figure 10: Cavity voltage envel ope and mean energy devi-
ation. Theupper curveistheenvel opeof the cavity voltage,
showing the exchange of energy between the solitonand the
wakefield. The lower curve isthe mean energy of the per-
turbation, which descends away from the beam, but even-
tually reaches an equilibrium (not shown) where the decel -
eration ceases.
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Beam-Beam | nteractions

W. Chou
Fermi National Accelerator Laboratory, P.O. Box 500,
Batavia, IL 60510

Abstract

This paper gives a brief review of the beam-beam interac-
tions of the hadron beams. Some recent results on the Pac-
man effect and dynamic aperture studies are also included.

1 INTRODUCTION

No matter how “perfectly” a collider could be built (e.g.,
good vacuum, small magnet errors, little non-linearity and
low coupling impedance, etc.), beam-beam interactions
will be the ultimate limit of its performance. These inter-
actions will cause particle losses, emittance growth, tune
shifts, orbit displacements, beam instabilities, non-linear
resonances and will limit the dynamic aperture and the
beam current and beam lifetime. Because interactions of
hadron beams are quite different from that of lepton beams,
we will content ourselves with the study of hadron beams
in this paper.

There have been extensive machine studies on beam-
beam interactionsat the Tevatron at Fermilab and the SppS
at CERN. There were aso intensive theoretical and com-
putational beam-beam studies at the former SSC and for
the future LHC.[1, 2, 3] We will briefly review these re-
sults. We will aso discuss some new results recently ob-
tained fromthe LHC work, mainly onthe Pacman effect and
dynamic aperture.

2 STRONG BEAM-BEAM INTERACTIONS
2.1 Inelastic scattering

Thisis what a collider is built for. This process generates
the events that detectorswill record and the experimental -
istswill analyze. It dso resultsin particlelosses. The loss

rateis:
dN

dt
which gives the beam lifetime due to luminosity. Take the
LHC asan example. Thetotal number of particles per beam
is2.8 x 1014, theluminosity £ is103* cm~2s~!, theinelas-
tic cross section oyy,) isabout 60 mb, and there are two high
luminosity interaction points (IPs). These numbers give a
beam lifetime of about 65 hours.

= £Uirlel (1)

2.2 Elastic scattering

The proton-proton el asti ¢ scattering contributesto the emit-
tance growth. The growth rateis given by (per IP):

de NBfO 2
— = e 2
dt dre 0% )

The meaning of the symbols can be found in the Glossary.
The RMS vaue of pp dastic scattering angle in the center

of mass system (CMS), o, isS

hc
Oq = 7————
“ Ec.m. V 27TU’T

In the LHC, for colliding beams with E. ,,. = 14 TeV and
o =~ 100 mb, onefindso, = 11 prad. Using Ny = 1 x
10", fo = 11.2kHz, ¢ = 5 x 1079 m-rad, o = 40 mb,
one gets a growth rate of about 1 x 10~'6 m-rad/s per IP.

3)

3 ELECTROMAGNETIC BEAM-BEAM
INTERACTIONS

There aretwo typesof interactions: head-on and long range
(whichisalso called parasitic crossings). The characteristic
guantity of these interactions is the beam-beam parameter
. It is sometimes aso called the Amman-Ritson parame-
ter to honor the two physicists who first investigated it in
1960. Consider two counter-circulating round bunches. At
small amplitude, the opposing bunch lookslike alens with

the strength:
NBT NBT
f=—Zp =2 @
gl Vel

The tune shift per IPis:

4w AmyeBr A en

3 (5)
Note that this parameter is independent of the beam energy
and the beta-function and, apart from a constant, is equiv-
aent to the beam brightness Np/e . This perhaps surpris-
ingly simple result makes this parameter very useful. Itis
one of the basic parameters in the design of any collider.
(Notethat the brightnessisal so limited by the space charge
effect in the first circular accelerator in the injector chain.)
The design value of £ is0.0034 for the LHC and 0.0009 for
the SSC.

3.1 Tune shift and tune spread

The most significant beam-beam effect observed at the
Tevatron and SppS isthe slow diffusion, which isbelieved
to be caused by high order betatron resonances. It leads to
particle losses that in turn decrease the beam lifetime and
create background in detectors. The head-on tune shift per
IP (whichisalso the tune spread) is:

2
ﬂ) (6)

Avgo = 5(1 TR

where R,. is the luminosity reduction factor due to the
crossing angle and equals:

n-(e2) " o

For long range interactions, the tune shift per IPis:

N,
Avpr =¢- n—g )
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where n isthe full crossing angle in units of o/, N, isthe
number of parasitic crossings and equals:

4L*
N, = 9
The long range tune spread per IPis:
N. 2
Srin = € (10)

on4

where o isthe betatron oscillation amplitudein unitsof ..
Itis seen that long range interactions are more complicated
and are dependent upon many parameters, in particular, on
the crossing anglen. Asamatter of fact, theintroduction of
acrossing angleis mainly for the purpose of reducing long
range beam-beam effects.

In order to control the slow diffusion, it is required to
keep the tota tune spread (head-on + long range + non-
linear magnetic field effects) withina®tune budget,” which
isusualy about 0.02. The working point is so chosen such
that all the resonances below the 10th order can be avoided
when thetota tune spread iskept within thisbudget. There
aresevera such regionson thetunediagram near the diago-
nal that one can choose from. It isinteresting that different
machines seem to have different preferences. For example,
the Tevatron chooses atune near 0.415, theformer SSC near
0.285, and the SppS near 0.31 (whichisalso likely to bethe
choice for the LHC).

The linear tune shift can be compensated by retuning the
quadrupoles. Alternate crossing planes at 90° relative to
each other (e.g., dternate horizontal and vertical crossings,
or 45° tilted crossing planes) can also effectively cancel the
tune spread. But the Pacman effect makes it difficult, see
Section 3.4 below.

3.2 Orbitdistortion
Long range interactionswill also cause orbit distortion:

_ 8mEN,
T oon

Az (1)
Therefore, fine steeringisdesired near the P’ sfor orbit cor-
rections. But again, the Pacman effect further complicates
the corrections (see 3.4).

3.3 Coherent effects

Both head-on and long range interactions can produce co-
herent beam-beam effects. Therigid dipolemodes(r-mode
and o-mode) and higher order multipolemodes can be stud-
ied by theoretical modelling and by computer simulations.
The results are usualy expressed in terms of the stability
boundary inthe (¢, v3) space for checking if therewould be
enough room for the working area during normal machine
operations.

3.4 Pacman effects

Inacollider, the bunch train contains several injection gaps
and an abort gap. Bunches that in the interaction regions

are circulating past gaps of missing bunchesin the counter-
circulating beam are caled the Pacman bunches. Such
bunches will suffer anomalous tune shifts and orbit dis-
placements different from the “average” bunches circulat-
ing relative to a localy fully filled beam. Therefore if
the machine is optimized for average bunches the Pacman
bunches will not bein an optimized environment and may
suffer enhanced losses. However, loss of a Pacman bunch
will create new Pacman bunches in the counter-circulating
beam, and over the course of timeholeswill developin both
beams and eventually the beams may be destroyed. When
the IPs are symmetrically placed with separations of half
the ring circumference, a circulating bunch encounters the
identical pattern of counter-circulating bunches at each IP.
For thisspecia case the Pacman effects at thepaired IPsare
related and the | Ps can be configured to cancel or minimize
the Pacman anomalies. Irrespective of the phase advance
between the I Ps, the anomal ous tune shift is cancellable by
crossing planes at 90° relative to each other at the two IPs.
However, the anomalous orbit shifts can a best be mini-
mized by a“best” choice of phase separations between the
IPs, namely, separated in phase by half the phase advance
around the ring. Ref.[4] shows that the orbit distortion at
thetwo IPs, A and B, is:

1
|Az 4] andlor |[Azp| > §Ax (12)
For the symmetric case one has:
1
|Az sl = |Azp| = §Ax (13)

Thus the symmetric case represents the optimum configu-
ration.

AttheLHC usinga3* of 50 cm, an emittanceof 5 x 103
cm-rad, a # of 200 prad, a Avio of 0.0034 per IP, and NV,
equal to 9 (for the so-called run away Pacman effect), the
orbit displacement in the symmetric caseis0.06 o, or 1 ym
for abeam withao, of 16 um. Such an orbit displacement
isvery small and will contribute minimally to instability.

3.5 Dynamic aperture

The dynamic aperture during collisions is mainly deter-
mined by thebeam-beam interactionsaswell as by themul-
tipole errors of the low-3 quads in the interaction regions.
Among other factors, it has a strong dependence on the
crossing angle. On the one hand, larger crossing means
lesslong range beam-beam interactions. Thus, thedynamic
aperture limited by beam-beam would become bigger. On
the other hand, however, the dynamic aperture limited by
the low-5 quads would be smaller because of poor field
qualities when beams move further away from the magnet
axis. Therefore, when the crossing angle increases, the dy-
namic aperture would at first increase (which is the beam-
beam dominated region); after reaching a maximum value,
it would decrease (which is the field error dominated re-
gion). Numerical studiesby longtermtracking for theLHC
have confirmed this prediction. [5]
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Table 1. Comparison of Machine Parameters

Machine | DORIS| | HERA SSC LHC
£ 0.01 0.0006 | 0.0009 | 0.0034
Vs 0.03 0.01 | 0.0012 | 0.0021
Ooslo, 0.7 4 0.45 0.48

This study isimportant because it plays abig rolein the
requirement of the low-g quad aperture. If the apertureis
too small, onewill not be ableto open up the crossing angle
to the preferred size. As aconsequence, the dynamic aper-
ture could be severely limited by the beam-beam effects.
Use the LHC as an example. Itslow-3 quad apertureis 70
mm. The design value of the crossing angleis 200 prad. [3]
But tracking studies show that, in order to have adynamic
aperture of 7-8 o, the crossing angle needs to be increased
to about 300 prad.[5] This lead to a new space budget of
the quad aperture and are-design of the shieldinginsidethe
guads for making alarger crossing possible.

3.6 Synchro-betatron resonance

The crossing angle may excite synchro-betatron reso-
nances. There are three key parameters that will determine
the strength of these resonances, namely, the beam-beam
parameter £, the synchrotron tune v, and the normalized
crossing angle fos/o,.. Table 1isacomparison of these pa-
rameters in four machines: the DORIS |, the HERA, the
SSC and the LHC (of which & = 200 prad is used). The
synchro-betatron resonance was amajor concern of thetwo
DESY machines. However, itisseen fromthetablethat this
effect should not be as critical in the SSC or the LHC. For
example, based on Piwinski’'stheory [6], simulations were
donefor the SSC and showed that, with § = 150 prad, only
the satellites of the resonances up to the order of six could
be harmful to the beams. Between these resonances there
was enough space for the working area. [ 7]

4 DISCUSSIONS

The strong beam-beam interactions give rise to particle
losses and emittance growth. These interactions and other
effects (e.g., intrabeam scattering, synchrotron radiation,
residual gas scattering, beam collimationand external exci-
tations) lead to the evolution of machine luminosity, which
can readily be calculated. [8]

The el ectromagnetic beam-beam interactions have been
studied in the past four decades. One has achieved rela
tively good understanding of the effects on the tune shift,
orbit distortion, dynamic aperture and synchro-betatron res-
onances by means of theweak-strong or weak-weak modd.
However, less successful isthe strong-strong mode!, which
ismore complicated and isareal challengeintheinvestiga
tions. Becauseitisone of the main causes of the formation
of the beam halo, it certainly deserves more attentionin the
future study of the near beam physics.
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Glossary
N Total number of particlesin abeam
t Time
L Luminosity
oinel  INElastic cross section
Oel Elastic cross section
oT Total cross section
€ RMS transverse emittance

Ng Number of protons per bunch

fo Revol ution frequency

Oa RMS pp eadtic scattering anglein CMS
h Planck’s constant

c Speed of light

E Energy in the center of mass system

c.m.

€N Normalized RM S transverse emittance

Tp Classical proton radius

y Relativistic factor

5 B-function at the interaction point

£ Beam-beam (Amman-Ritson) parameter)

0 Full crossing anglein unit radian

n Full crossing anglein unitsof o,

a Betatron oscillation amplitude in units of o,
Rye Luminosity reduction factor due to crossing
L* Effective interaction distance

SB Bunch spacing

V3 Betatron tune

Vs Synchrotron tune

Oz RMS beam transverse spatial size

Oyt RMS beam transverse angular size

O RMS bunch length

Avygo Head-on beam-beam tune shift

Avpr  Long range beam-beam tune shift

ovpr  Long range beam-beam tune spread

N, Number of parasitic crossings
Ax Orbit distortionin unitsof o,
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Abstract

The single-particle betatron motion is anaysed in hadron
colliders dominated by field-shape imperfections, like the
CERN-LHC with injection optics. The aim is to evaluate
the effect of tune ripple and momentum deviation on long-
term stability. An empirical formulawith three free param-
etersisproposed to interpolate the dynamic aperture versus
the stability time. The dynamic aperture turns out to decay
with a power of the inverse logarithm of the stability time.
Tracking data fit well with the empirical formula, and ex-
trapolation by at least one order of magnitudesin the stabil-
ity timeisshownto bereliable.

1 INTRODUCTION

In this paper we present some recent results [1] about
the study of long-time stability of single-particle motion
in hadron colliders. For planned machines such as the
LHC [2], the beam is expected to make 107 — 10® revo-
[utions at injection before energy ramping, and during this
time the nonlinearitiesdue to theimperfections of the mag-
nets can provoke slow particlelosses and diffusion[1, 3, 4,
5]. The estimate of the relevance of these phenomena can
be hardly carried out using brute-force tracking, even with
the aid of modern supercomputers, and therefore aterna
tive approaches should be worked out. Several studieshave
been carried out by accelerator physicists[6, 7, 8, 9, 10, 11,
12, 13, 14]. Indeed, diffusion due to a cocktail of nonlin-
earities and tune modulation is observed in severa fields
of physics, and relevant contributions have been given by
many authors (see for instance [15, 16, 17]).

In Refs. [1, 4] we have proposed an empirical approach
to the problem of long-term stability, based on the idea of
survival plots [6, 7, 18]. In these diagrams, one plots the
stability time versus the initial amplitude, in order to find
out atrend for the long-term stability. Indeed, due to the
intricate structure of the phase space close to the dynamic
aperture, these plotsare far from being regular. The crucial
point isto replace a single amplitude with an average over
several amplitudes, taken with different ratios between the
linear invariants [19]. Using this procedure, the irregulari-
ties of the phase space disappear, and the dynamic aperture
turnsout to be arather smooth function of the stability time,
that can be well interpolated using the following empirical

le-mail: Walter.Scandale@cern.ch

formula[1]

B

D(N) = At (e

D)

The above formulaimpliesthat, if A > 0and k > 0,
the phase space is divided into two parts: oneinner region
inside A, that according to the extrapolation is stable for
infinite times, and an outer region whose emptying rate is
proportiond to the power of the logarithm of the stability
time. In thisouter region, even though approximate invari-
ants could dtill be defined with some precision, the inte-
grable structure of the phase space is destroyed, and one
is left with a wide chaotic band. These two regions corre-
spond to the thin layer diffusion and to the thick layer dif-
fusion respectively, according to the terminology used in
Ref. [16]. When A < 0 or k < 0 thefirst region disap-
pears, and all the phase space is awide chaotic band whose
particleswill escape sooner or later.

This kind of scenario has been originally described for
a 4D Hénon mapping [4] with linear frequencies close to
resonances 5 and 6; this simple model has allowed a deep
numerical investigation of the phenomenol ogy of long-time
losses. The case of a modulated Henon map has a so been
considered, showing that the same formula holds, the con-
tribution of the modulation being essentially areduction of
the exponent » [see Eq. (1)]. Followingthe same approach,
analogous simulations have been carried out for aredistic
LHC modd, finding out very similar behaviours. Inthispa
per we show the data of the modul ated Henon map, and of
the LHC with different momentum deviations and modul a-
tional amplitudes. It turns out that the effect of the mod-
ulation and of the momentum deviation are rather similar,
being analogous to the case of the modulated Henon map.

The above method allows one to extrapol ate the empiri-
cal formula (1) to predict long-term stability with alimited
set of tracking data. We show that, in the modul ated Henon
mapping, using tracking dataupto 10° turnsit ispossibleto
predict up to 107 turnswithin 5% of relative error. This ex-
trapolation method is currently used at CERN for the LHC
simulations[20].

This approach lacks a theoretical justification of the em-
pirical formula (1). In the case without modulation, the
formula can be interpreted through the Nekhoroshev theo-
rem [21], but thisargument does not hold for the modul ated
case. Itwould be desirableto have atheoretical framework
to justify the empirical formulaand the associated scenario
that has been worked out through the analysis of tracking
data

The plan of the paper is the following. In Section 2 we
discusstheanaysed models. Section 3isdevoted tothedy-
namic aperture definition. In Section 4 we present the nu-
merical data
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2 MODELS
2.1 Modulated Henon map
The modulated 4D Hénon map reads

x(n—i—l) x(")
pgcn—i-l) pgc") + [x(n)]Q _ [y(n)]Q
=L 2
y(n—i-l) y(")
pg(/"-i—l) pé") _ 2$(7z)y(n)

where (z, p,, y, py) aethephase space coordinates, and the

linear part of the map L is the direct product of two two-
dimensional rotations whose linear frequencies w(™, w!™

are owly varying with the discrete time n according to

wgn) = w;o <1 +e€ Z €k cos(Q;m))

k=1

=,y

©)
We considered one main frequency Q; = 27/868.12,¢; =
104, and six harmonics with relative amplitudes ranging
from 0.7 to 0.07. These data correspond to the tune modu-
lation due to the observed ripple in the quadrupoles of the
SPS, see Ref. [1] for more details. The linear frequencies
wzo and wyo arefixed to 0.168 and 0.201 in order to have
relevant long-term phenomena. We analyse the dependence
of the dynamic aperture on the amplitude e of the modula-
tion, that has been varied between 1 and 64.

2.2 LHC lattice

The lattice of the LHC used in thisstudy is Version 4.3 de-
scribed in Ref. [1, 22]. It includes field-shape errors (both
systematic and random), the set of multipolar correctors,
and of chromaticity correctors. Linear imperfections that
inducefinite closed orbit or linear coupling are disregarded.
To take into account the operational difficulty of the chro-
matic correctionin areal machine, we set Q' = 2.

The numerical results refer to particles tracked with dif-
ferent initial momentum deviation Ap/p, that ranges from
0.0001 t00.00075. A momentum deviation of 0.0001 gives
rise to a tune oscillation of 2 - 10~ amplitude at the syn-
chrotron frequency.

The tune modulation is obtained by summing up seven
sine-waves with the same rel ative amplitudes and frequen-
cies asthoseused for the Henon map. Theglobal amplitude
isvaried by amultiplicativefactor e that rangesfrom 1 to 8.

3 DYNAMIC APERTURE DEFINITION

In a previous work [19] we have proposed a definition of
dynamic aperture as a function of the number of turns NV
as the first amplitude where particle loss occurs before N
turns, averaged over the phase space. Particles are started
along a 2D polar grid in the coordinate space (z, y):

x =rcosf y=rsinf 4

and theinitial momentap, p, aresettozero. Letr(6; N) be
the last stable initia condition along 6 before the first loss
at aturn number lower than N occurs. Then the dynamic
aperture is defined as

/2 1/4
D(N):< /O [r(H;N)]4sin29d6> NG

With respect to the approach used in severa long-term sim-
ulations(seeforinstance[6, 18, 23]), whereafixed value of
0 is considered in order to speed up simulations, this defi-
nition provides a smoother dependence of D on N, thusal-
lowing to derive interpolating formulae and to extrapolate
them to predict long-term particle loss. For the above for-
mula one can estimate the associated error, that depends on
the grid steps used to scan along r and §. More details can
be found in Ref. [1].

4 NUMERICAL DATA

4.1 Modulated Henon map

We considered 100 stepsin theinitia conditionsfor 30 dif-
ferent angles 6 [see Eq. (5)]; each initial condition was it-
erated for 107 turns. The dynamic aperture as a function of
thestability time N was computed using Eq. (5). In Figures
1-5 we show the DA with the associated error (bars), and
the interpolation through Eq. (1) (solid line). When A > 0
and x > 0, the asymptotic va ue of the dynamic aperture A
is shown (dashed line). We considered the model without
modul ation (Figure 1) and the modul ated case with increas-
ing values of the amplitude e (see Eq. (3)). The fitting val-
ues of the parameters and the associated errorsareshownin
Table 1. The estimate of the errors of thefitting parameters
isworked out through standard methods of numerical anal-
ysis, even though some care is needed since thefitting func-
tionisnonlinear inthe exponent « (see Ref. [1] for morede-
tails). We used a confidence level of 95%. One can make
the following observations.

o They? of thefit isalwaysaround one: thisimpliesthat
the datawell fit with Eq. (1). A slight deterioration of
the fit is observed for the largest modulationa ampli-
tude e = 64.

e The errors associated to the fitting parameters are
rather large. Nevertheless, one can observethat the ex-
ponent « decreases with increasing modulationa am-
plitudes. Moreover, the parameter B weakly depends
on e for small e.

e For small e the extrapolation of the formula (1) pre-
dictsahard coreof particlestablefor infinitetimes(i.e.
k> 0and A > 0). When ¢ reaches a certain limit, al
the phase space becomes unstable: thisisin qualitative
agreement with experiments on existing machines.

e The extrapolation value of the dynamic aperture A at
infinity is rather well defined for very small modula
tional amplitudes (¢ = 0, 1), but becomes very loose
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when the amplitude increases (e = 4). In these cases
the predictionfor infinite times becomes questionabl e,
and only an extrapol ation over finitetime (afew orders
of magnitude) seemsreliable.

Using the tracking data up to 10° and up to 10 turns
we extrapol ated the dynamic aperture up to 107 turns. The
comparison with tracking a 107 turns is given in Table
2. The extrapolation is always in agreement with tracking
within the errors. Extrapolation from 10° to 107 allows a
dynamic aperture prediction within 5% of relative error.

4.2 LHCllattice

For the LHC model described in section 2.2 we carried out
simulations with 100 steps and 17 angles, up to 10° turns.
Beside the purely four-dimensional case (coasting beam),
we also considered severa off momentum energies Ap/p
from 0.0001 to 0.00075. Tracking dataand thefitting func-
tion are shown in Figures 6-10. Moreover, we fixed the
momentum deviation to 0.0001 and we switched on the
tune modulation with increasing amplitudese = 1,2,4, 8.
Tracking data and the fitting function are shown in Fig-
ures 11-14. The fitting parameters x, A, B, and the x? are
shown in Table 3. It turns out that the situation is rather
analogousto the case of the modulated Hénon mapping.

e Thefitisrather goodinall cases: the x? isof the order
of one. A deterioration of the fit is observed for large
momentum deviations.

e Theexponent x decreases with theincreasing modul a-
tional amplitude and with the momentum deviation.

o Extrapolation at infinity of the DA iswell defined only
for the four-dimensional case.

e The parameter B seems to be independent of ¢ and
Ap/p for small e and Ap/p (seee = 0, Ap/p =
0.0001,and e = 1, Ap/p = 0.0001).

We compared the extrapolation of the DA from 10° to
108 with actual tracking at 10%: the results (see Table 4) are
in agreement and the error iswithin 5%. Unfortunately it
was not possible to compare the extrapol ation of 10° to 107
with actua tracking, sinceit istoo onerous.
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Table 1. Interpolation parameters for the Henon map

€ K A B X2
0 | 14702 [ 0437552 | 0657 [ 1.5
1| 12795 | 0407005 | 0.6707 | 1.7
4 1 06155 | 0247022 | 06705 | 2.3
16 | 01793 | —1.5 2.3 0.9
64 | —0.5703 | 1.0739 | —0.3M92 | 3.7

Table 2. Comparison of extrapolated dynamic aperture
and tracking for the modulated Hénon map
€ Extrapolation Extrapolation | Tracking
from 10° to 107 | from10°to 107 | at 107
0 0.4670 03 0.477005 0477001

1 0.461092 0.4615 51 0.4610 51

. 0.01 0.01
4 0.4519-02 0.457005 0.44%0 01

. .02 0.01
16 0.4179 93 0.4170 0% 0.4010:01

64 0.37+9-93 0.3615-02 0.337001
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Table 3. Interpolation parameters for the LHC

€ | Ap/p K A B X2
-10°
0 0 1915 | 120093 | 9f% |04
0| 10 0.871% | 9.6 8 1.0
0| 30 | —04%581 20 —4 1.8
0| 50 | —0.3%93 | 23 —7 3.8
0| 75 | —0.3%57% | 24 -9 3.8
1| 10 03795 | 34 13 1.4
2| 10 | —0.110% | 42 —26 | 2.0
41 10 | —0.1tp8 | 47 -30 1.0
8| 10 | -0.2%52 1 33 ~16 1.3

Table 4. Comparison of extrapolated dynamic aperture

and tracking for the LHC

e | Ap/p | Extrgpolation | Tracking
-10° | from10°to10° | at 10°
o| O 12.370% 12.3702
o 10 11,7703 11.5702
0| 30 10.7192 10.679-2
0| 50 9.8704 103702
0| 75 9.3703 9.6702
1| 10 11.4704 111792
2| 10 111592 10.7193
4| 10 10.610:2 10.419073
8| 10 10.0193 10.1193

10%

A N S N B B W
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

D (arb. units)

Figurel: Interpolationof dynamic aperture data (bars) with
empirical formula (solid line) for the H&non map without
modulation.

10%

\\\\‘\\\\‘\\\\‘\\\\i\\\\‘\\\\‘\\\\
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

D (arb. units)

Figure?2: Interpolationof dynamic aperture data (bars) with
empirical formula(solidline) for themodul ated H&non map
withe = 1.
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Figure3: Interpolationof dynamic aperturedata(bars) with  Figure5: Interpolationof dynamic aperture data(bars) with
empirical formula(solidline) for themodulated Henonmap  empirical formula(solid line) for the modul ated Henon map

withe = 4. with e = 64.
6
= 10’ —~ 10
106
105k
10
104
10%
109
107 s
b b e e 1 TN S T S S S
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 2 4 6 8 10
D (arb. units) D (mm)

Figure4: Interpolationof dynamic aperturedata (bars) with ~ Figure6: Interpolation of dynamic aperture data (bars) with
empirical formula(solidline) for themodul ated Henonmap ~ empirical formula (solid line) for the LHC without off-
withe = 16. energy and without modulation.
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Figure7: Interpolationof dynamic aperturedata(bars) with  Figure9: Interpolationof dynamic aperture data(bars) with

empirical formula (solid line) for the LHC with Ap/p =  empirica formula (solid line) for the LHC with Ap/p =
0.0001 and without modulation. 0.0005 and without modul ation.
= 10° — 105

10%F 105k

104k 104k

109 109

1 P 1 1 1 P | |
0 2 4 6 8 0 2 4 6 8
D (mm) D (mm)

Figure8: Interpolationof dynamic aperturedata(bars) with ~ Figure 10: Interpolation of dynamic aperture data (bars)
empirical formula (solid line) for the LHC with Ap/p =  With empirical formula (solid line) for the LHC with
0.0003 and without modul ation. Ap/p = 0.00075 and without modulation.
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Figure 11: Interpolation of dynamic aperture data (bars) Figure 13: Interpolation of dynamic aperture data (bars)
with empirical formula (solid line) for the LHC with  with empirical formula (solid line) for the LHC with

Ap/p = 0.0001 and with modulatione = 1. Ap/p0.0001 and with modulation e = 4.
— 105 — 105
105k 105k
104 104
109 109
| P I | | | P I | |
0 2 4 6 8 0 2 4 6 8
D (mm) D (mm)

Figure 12: Interpolation of dynamic aperture data (bars)  Figure 14: Interpolation of dynamic aperture data (bars)
with empirical formula (solid line) for the LHC with  with empirical formula (solid line) for the LHC with
Ap/p = 0.0001 and with modulation e = 2. Ap/p = 0.0001 and with modulatione = 8.
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1 INTRODUCTION

In high intensity proton colliders with superconducting
magnets, quenches induced by beam |losses are unavoidable
in the absence of a collimation system. We will show that
asinglestage collimator system cannot suffice at TeV en-
ergies. We discuss atwo-stage collimation system first as
an optical system then considering true scattering in colli-
mator jaws, giving some emphasis to the LHC project. Fi-
nally, we present the preliminary measurements doneat 120
GeV/cinthe SPSringwithasimplified three stage collima:
tion system.

2 PROTON LOSSESAND QUENCH LEVELS

Proton losses can be divided in three basic classes, namely
injection, ramping losses and steady losses in collision. In
all these cases and in the absence of a collimation system
the losses might be concentrated near onelocationwhichis
the aperture limitation of thering. Thefollowing numerical
values are related to the nominal LHC parameters. The ef-
fective longitudinal spreading at the loss point is strongly
dependent of the local parameters, but can be as low as
AL =~ 10 m, computed with the average betatronic angle
at the effective local vacuum chamber radius.

Aninjected batch has N,, = 2.4 10'3 protonsand is6 us
long. The ratio between actual and tolerablelossesis

7= FNp
AngAL

=240 1)

with f = 0.1 asomewhat arbitrary fraction of the batch lost
immediatly and An, = 10° pm~! the quench level for fast
losses (see below Section 2.1 and Table 2).

At ramping, RF-untrapped protons are not accelerated
and migrate slowly towardsthe vacuum chamber. Theflash
of losses lasts At ~ 0.1s, i.e. more than the time needed
to make use of the helium trapped in the cable, alowing
An, = 2.510 pm~! (see below Section 2.1 and Table
2). Thefull stored intensity is N, = 3 10! protons. With
again f = 0.1 weobtainusing (1) » = 125.

Incollision, thehaoisfed by elastic scatteringin7 + 7
TeV collisions, at arate of n.; ~ 10° ps~! for two experi-
ments with £ = 10%*em~2s~! and o.; = 40 mbarn. The
scattered protons are emitted at an angle close to the beam
divergence a the crossing point [1] and slowly enlarge
the transverse beam tail. Losses associated to transverse
diffusion related to machine imperfections are estimated

IFormerly CERN-SL Division, now at Siemens-Matsushita OHG,
Deutschlandsberg, Austria

Table 1: Maximum density of energy depositedin the coil magnet
by aproton impacting the vacuum chamber at the betatronic angle
(see text).

pITevic] | emaz [3eM ™3] | Less [M] | edist [Jmcm™3]
45 1.410° 1 1.0 1.410 11
7 9.21071° 0.7 6.51071°

from SPS collider experience. With alifetime of 7peqm
50 hours the losses would be Mpeam = Np/Tveam

210° ps, foratota Nipss = fpeam + e ~ 3 10% ps—2.
The steady quench level will be , ~ 8 105 pm~1s~!
(see below Section 2.2 and Table 3). Inthiscase r =
Nioss/(1qAL) = 30, without taking into account large
fluctuations of the losses associated to short term instabil-
ities of the beam halo.

In dl three cases, the factor  is much larger than the
alowed valuer = 1. The sole good way to lower r is
to use collimators which both absorb protons or dilutein
phase and amplitude those one that are scattered back into
the aperture of thering.

~
~
~
~

2.1 Transient quench levels

This section summarises the content of the report [2]. The
transient quench level of amagnet isquantified basically by
the amout of energy per unit volume AQ which is needed
to raise the temperature of the coil aboveits critical value
T,,. To compute the number of protons lost locally which
induce a quench, the average shower (hadronic and elec-
tromagneti c) devel opped by aprotonimpacting the vacuum
chamber near the coil of the magnet was simulated with the
CASIM code [3]. This alows to compute the maximum
density of theenergy release e,,,,.. by theshower inthecoil.
In practice, apart from a few pathological cases, the pro-
ton losses are spread over distances longer than the effec-
tive length of the showers L.ss ~ 1 m. Therefore, instead
Of Emaq, thequantity eq;st = €maa Le s iSused. Numerical
values are givenin Table 1.

The number of protons An, which must be lost locally

toinduceaquenchis
An, = AQ 2
Edist
where An,, hasthe unitsprotons m~!. For agiven T, the
heat reserveistheintegral of the specific heat between the
bath of heliumT, ~ 1.9K andT, withT, ~ 9K atinjection
beam energy and T, ~ 2.8 K at top beam energy.

The hest reserve AQ(T,) depends aso on the duration
of thetransient loss. The cable of the coil is made of wires
closely packed in an insulator, through which the helium
flowstoo slowly to contributein the case of transient losses
(see next section). On theother hand, the hesat reserve of the
helium trapped between the wires contributes but the heat
transfer islimited by the film of bubbleswhich develops at
the interface of the two media above a critical value. The
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Table 2: Heat reserve and allowed transient losses of protons at
injection momentum (upper part) and top momentum (lower part)
in LHC, seetext. First two lines, metallic contribution only. Third
linewith trapped heliumincluded. Theuncertainty onthesevalues
is about £50%.

At[ms] | AQI[J | eaist [Imlem—>] | An, [pm~]
<3 41072 3.810~ 11 10°
6 41072 1.410~ 1t 3109
>50 | 351072 1.410~ 1t 2.51010
At[ms] | AQI[J | eaist [Imlem=>] | An, [pm~]
<1 8104 1.3107° 610°
3 8104 6.5 1010 1.2 106
> 10 31072 6.510~10 4.6107

Table 3: Allowed steady losses of protons (seetext). The uncer-
tainty on these valuesis about +50%.

p[Tev/c] | Wy [W] [ eqist [Im/cm=3] [ i, [p(me)~1]
45 102 1.410°11 7108
7 51073 6.5 1010 8 106

critical volumetrictransfer of power isestimatedto ¢y = 8
Wem—2 at injection and ¢y = 4 Wem=3 a 7 TeV. The
critical time scale to allow the use of the trapped helium is
thus At = AQ(Ty)/¢v. The contributionof the heliumto
AQ(T,) isintegrated numerically using experimental data
[4].

At shorter time scale, the sole metalic part of the cable
contributesto AQ(Ty). In spite of some modificationsre-
lated to the superconducting state of the NbTi, the specific
heat of thewiresis dominated by the cubic dependence on
T of the Debye theory. The contribution of the meta to
AQ(T,) istherefore small at 7 TeV when compared to the
one of the helium, even if thelast one occupiesonly five per
cent of the volume of the cable.

At afurther smaller timescae ét ~ 2ms, below thetem-
perature decay time across the section of the cable, e4;4+
must be multiplied by afactor 2-3, to take into account the
radia variation of the energy deposition inside the cable
eaist(r). Abovethat critical value, the averageradia value
can be used.

Ang as computed with (2) for the three different time
scales discussed is given in Table 2. Linear interpolation
can be used between the caracteristic time scales, keeping
in mind that all values are certainly not more precise than a
factor two.

2.2 Seady quench levels

The steady power which can be evacuated by thecoilswhile
staying below the critical temperatureisrelated tothe elec-
trical insulation of the cables. The heat is evacuated off

the cables by the exchange of helium through this insula-
tor. The allowed flux of energy per unit volume of cables
givenin Table 3 are the result of acompromise between the
electrical resistivity and the porosity of theinsulator. These
values are measured on sample coils. The alowed steady
rate of protonsisgivenby n, = Wy /cgist.

The comparison of the alowed transient losses AQ =
8 10~* Jat thetime scale At = 3 10~3s (top energy, table
2) with the amount of energy removed by steady conduc-
tion during the same time 6Q cong = Wy At = 1.5107° ],
indicates that close to their upper limit transient lossesrely
only onlocal heat reserve.

3 ASINGLE COLLIMATOR AND TRANSVERSE
DIFFUSION OF THE HALO

To be efficient, a primary collimator must be placed in-
side the short term dynamic aperture (short term meaning
here < 1000 turns). Inthe LHC it will be at a normalised
transverse depth of n; = xz/o, ~ 6. In thisrange of
amplitudes, the transverse drift speed vy of the hao can-
not be predicted either precisely or reliably. At the CERN
anti proton-proton collider, in collision somewhat below the
beam-beam limit, an experiment indicated vy ~ 3 o/sat
ny = 6 [5]. LHC tracking data without ripple at injection
energy indicate vy < 0.05 o/s[6]. For given vy, adistri-
bution of impact parameter, parametrised by arange Ab is
obtained by a simple multiturn tracking. Some vaues are
givenin Table 5. The computed Ab must be compared to
the critical impact parameter ., beyond which an impact-
ing proton is more likely to be absorbed instead of being
scattered out of thejaw by multiple coulomb scattering or
nuclear elastic scattering (thislast process being ignoredin
the rest of this section). The computation of b. ismade in
section 3.2. By comparing Abto b, in Table 5, we can con-
cludethat inLHC, at least at injectionwewill beinaregime
of strong outscattering.

3.1 ddeescapeby multiplecoulomb scattering

Multiple coulomb scattering is described by the Moliere
theory, whichis aformaism of diffusion applied to alarge
number of small successive transverse kicks applied to a
charged particle passing through matter [7]. The number
of scatterers per millimeter is very high. Both the angular
distribution, with the polar angle 6, dN/df,,..s(s) and the
spatia transverse one dN/dA,,.s(s) of the protonsaround
the original axis of flight are gaussian up to ~ 3 standard
deviations. The dependence on a given monoatomic ma-
teria is contained mostly in the radiation length Lr (see
Table 4). The standard deviations of dN/d0,,.s(s) and
dAN/dAe5(s) are (with unitsm and TeV/c)

13.6107° s
92’)(‘9 §)=———\7— 1/2
) = ()
7.81076 3
and A9, (s) = ——— ()12, 3
le) = T () ©
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Figurel: Them.c.sangleafter oneabsorptionlength, normalised
to an effective machine aperture of 10 r.m.s beam units for differ-
ent materials. Thetwo linesdelimit themomentum rangein which
the outscattering density is high in the aperture of the ring.

Table 5: An estimator of the impact parameter range Ab of the
protonin LHC computedwith vy = 1 o/s, at the normalised trans-
versedistancefrom thebeamaxisni = 6, comparedto the critical
impact parameter b. below which outscattering by the collimator
edgeisimportant.

p[TeVid | Ab[um] b, [pm]
45 4 12
7 1 0.7

Disregarding edge escape, the proton flux is attenuated
exponentially along the collimator by nuclear absorption,
with the absorbtion length A, (Z) (see Table 4). The an-
gular distribution of the protons escaping a collimator can
therefore be estimated using (3) with s = A\gp5(Z). This
guantity, normalised to an effective machine aperture of
100, where ¢’ is the r.m.s beam divergence at the colli-
meator location, isplottedin Figure 1 for different materias.
Two cases are favourablefor collimation. At low momen-
tum (p < 100 GeV ), and using aheavy target, the scattered
protons are spread much beyond the the aperture. Most of
them are lost nearby the collimator and therest is strongly
diluted in the aperture area. At high energy (p > 10 TeV
), by using alight target, the scattered protons stay well in-
side the aperture. They will do many turns and finally be
absorbed by the collimator which is their sole obstacle at
small amplitude. In theintermediate momentum range (the
case of LHC), a high intensity cannot be cleaned by a sin-
gle collimator, if the beam loss rate is high in the sense of
Section 2.

3.2 Critical impact parameter

The critica impact parameter b. is computed by using
(3) with again s = Aus(Z). The quantity \..q(Z) =
(A2,./Lr)Y/?isgiveninFigure 2 for severa materials. In-
terestingly, themetal s of interest for collimation (good heat
conductivity and good vacuum properties) all haveasimilar
Ared, With no visible dependence on Z. Thus, the critical

impact parameter is approximately metal -independent and

300 ——T——7— o Insulators

E ° ] e Metals
~ 200} o + —— Average metals
H'D F o -
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Figure 2: The reduced length A.q as a function of the atomic
number Z. For metals (black dots), A..q is nearly constant
with an mean value A\,.s = 0.66 m and a relative variance
J()\red)/kred =0.3.

equal to (with units um and TeV).
b =5.2/p. 4

3.3 Secondary collimator material

Thewideangular range of protonsscattered off the primary
collimator implies a somewhat uniform distribution of im-
pacts onthe secondary collimators. Provided they arelong
enough (~ 5\.ps), tertiary particles will be mostly issued
from asurface layer of thicknessb... The Z-indepence of b,
therefore allows to choose freely the materia of the sec-
ondary collimators. Other parameters will be considered
(physical length and radiation length, thermal conductivity,
resistance to shock waves for exemple).

34 Secondary collimatorsneeded

At Tev energies, the outscattering rate off a primary colli-
mator is close to unity. The use of atwo-stage collimation
system istherefore mandatory.

4 OPTICSAND COLLIMATION

The materia discussed here is fully developped in [8],[9]
and [10], to which the reader can to refer for more details
and full demonstrations. In this section we do not consider
true scattering in collimators, which isintroduced in Sec-
tion 6. We only do optics and geometry in the four dimen-
siona phase space . We consider the primary collima-
tors as pure isotropic scatterers and secondary collimators
as black absorbers. Our criterion to define an optimal two-
stage collimation system is to minimise the surface occu-
pied by the secondary hao in the plane of the normalised
amplitude Ax — Ay, or thelargest distanceto the origin of
this same surface as it is delimited by the secondary colli-
mators .

4.1 Numerical exemple

To illustrate numerically some results and to help compar-
ing different systems with each other, we will use some
identical basic parameters in further sections. The jaws of
the primary collimatorswill aways beretracted by n; = 6
normalised transverse rm.s. beam radius and the jaws of
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Table 4: The nuclear absoption and the radiation lengthsin metric units for some Z-values. Cross-sectionsare valid in the few hundred
GeV range. 044 a 450 GeV/c. Aups and Ly in [cm]. All cross-sectionsin [mbarn]. b,y in [GeV ~2c?].

Element Z A Aabs Lg Oabs OpNyel | pp | Opnel Od pr
H 1 1 720 865 - - 7 34 | 120
Be 4 9 40 35 200 70 32| 224 11| 75
Al 13 27 39 89 | 420 210 47 | 327 16 | 120
Cu 29 635 | 15 14 | 780 450 6.2 | 434 21 | 220
W 74 207 | 96 0351650 1120 | 9.2 | 644 31 | 450
the secondary collimators always by n, = 7. All other v
quantitieswill be deduced from these two numbers. These nz 4
numbers are presently akind of canonical set used for LHC Hop {

collimation studies. They can of course be changed to any
other value for another application.

4.2 Normalised coordinates

The phase coordinates (z, ') of thetwo transverse direc-
tionsare normalised at each point along thering with

Z 1 1 0 z

= (2)-m(a 2)(s) o

z standing herefor either the x or y direction, s being the

longitudinal coordinate, «(s) and 3(s) the Twissfunctions

and o = (ef3(s))'/? the transverse r.m.s beam size. The

transfer matrix M 5 transporting a particlefrom s; to sz in

the normalised coordinates (Z, Z') isthen simply the ro-
tation

M(m:( cos sinu) ©

—sinp  cos i

with p being the betatronic phase advance between s1
and s2. The betatronic motionisthusreduced to aharmonic
motion, where the betatronic phase advance playsthe role
of thetime, or of thelongitudina coordinates. Inthe nor-
malised phase space , the invariant amplitude of a particle
in one transverse direction (or 2D-phase space) is A =
(Z* + 2'*)!/2. The 4D-amplitudeis A = (A2 + AZ)1/2,

4.3 Onedimensional betatronic collimation

The proton which drifts lowly outwardstouchesthe colli-
mator when being very close to its maximum spatia exten-
sionZ, = (ny, 0) (Figure 3). By scattering in the collima-
tor it getsan angular kick Z’ = K, distributing uniformly
the protons adong theline Z; = (n1, K.). The sole free
parameter to choose the location of a secondary collima-
tor is the phase advance p. between the primary collimator
and the secondary collimator . The minimisation of the sec-
ondary halo amplitude is done by cutting theline Z = n,
with a secondary collimator at the phase advance [8]

ni
COS Uopt = :I:n—. (7)
2

Y
Ny

Figure 3: One dimensiona betatronic collimation . A particle
is scattered close to its maximum transverse position Z = n. If
it is not absorbed, it is scattered along the vertical line Z = n;.
If a secondary collimator is at the depth n2, the shortest cut along
thislineismadewith asecondary collimator at the phase advance

Mopt -

The maximum secondary amplitude escaping the two-
stage collimation system isthe absol ute possi ble minimum
Amin = oy which is equa to the secondary collima:
tor aperture. This is obtained by transporting Z at fiop:,
or Zy = M(popt)Z1. Then, using (7) it follows Z, =
n?/ng + (1 — n3/n3)'/?K,. Cuttingat Zo = no finaly
gves Kot = K, = (03 —nd)Y2and A = (77 +
K2,,)'/? = ny. Thetwo signsin (7) corresponds to cut-

ting each of thetwo haflinesZ =ny, Z’ > 0and Z’ < 0.

4.4 Two dimensional betatronic collimationin X — Z
symmetric optics

The particular opticswhich hastheproperty i, (s) = py(s)
(or equivaently 5, (s) = 5,(s)) was studied because asoft
symmetriclow-3 insertion, which hasthisproperty, wasen-
visaged for a time for the cleaning system of LHC [11].
Later, it appeared that this particular case is the sole one
whichwe have been abletotreat analytically. We useit here
to show that a two dimensional collimation system is not
a simple extension of the one dimensional case discussed
above.

The closest extension of the one dimensiona system in
two dimensions is the use of circular collimators (circu-
lar in normalised coordinates, approximated for exemple by
eight jawsin area case), with aradid aperture n; for the
primary collimator and n, for the secondary collimators.
To simplify the present discussion, we consider only theim-
pact point on the primary collimator a (X,Y) = (ny,0).
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The trestment of the other azimuth isdonein [8]. The non
trivial difference with a one dimensiona system appears at
theimpact pointinthe primary collimator where scattering
popul ates every azimutha directioninthe X’ — Y’ plane.
Let uswritethe coordinates of the proton before scatter-

ing
Ao = (X, X" YY) =(X,Y) = (n1,0,0,0) (8

Welimit our discussionto two extreme cases, whichwecall
paralel and orthogonal scattering. Parallel means scatter-
ing in the plane of the origina betatronic oscillation, i.e.
(X",Y") = (k4,0) inour case of azimuth. Orthogonal
scattering iswhen (X', Y”) = (0, k).

Parallel  scattering leaves intact the Y-amplitude, i.e.
A, = 0 before and after scattering . The problem isthere-
fore reduced to the one dimensiona case and is solved by
installing two circular collimatorsat cos fiope = 7.

The coordinates of the proton after orthogonal scatter-
ing are

A =(X1,Y1) =(n1,0,0, k) with kye[—o0, 00].
9
In the abscence of coupling, there is no way to cut on
the X-amplitude Ax = ny whichis smaler then the sec-
ondary collimator aperture ny. To cut efficiently on the Z-
amplitude, we must place an additiona secondary collima-
tor where the angle is entirely converted to amplitude, i.e.
a phase advance u = 7/2 from the primary collimator .
A, transformsto

Ag = (M(7/2)X1, M(7/2)Y1) = (0, —n1, ky, 0)

(10)

The secondary collimator cutsonY a k, < ns . The
largest vector leaving that collimator isthen

Ay = (n1,0,n9,0) with Ay = (n? +n3)Y/2. (10

A isthelargest combined amplitude passing the secondary
collimators and occurs in the case of orthogonal scatter-
ing. The intermediate cases between paralld and orthog-
ona scattering are cut in amplitude at values in the range
Ae[ng, A2] [8]. Thelimitsare identical at other X — Y az-
imuths. With our numerical set, the secondary hal o extends
upto A; = 9.2.

The important result is that, at least in the kind of op-
tics used in this section, with optimal  secondary collima-
tor locations, the cut in amplitudeis done at a value some-
what larger thanthe secondary collimator aperture. Wewill
see that this result remainstrue in any kind of optics, if the
cleaning section is of reasonably finite length.

Other optics

FODO optics of different phase advance per cell were ex-
plored, by fitting thecircular collimator locationswith nu-
merical methods [8]. The result, expressed by the largest
secondary amplitudes was always less performant than the
symmetric low-beta section discussed here above.

Rectangular collimators

If thenumber of collimatorsisanissueor conversely, if the
geometrical aperture of theringislarge enough, rectangul ar
collimators (X and Z jaws only) can be used. The degrada
tion of the performance in amplitude cut relative to cicular
collimatorsis ~ 20% [8].

5 LOCATING COLLIMATORSIN ARBITRARY
OPTICS. THE LHC CLEANING INSERTION.

The general case of finding the best solution of primary
and secondary collimator locationsin an arbitrary opticsre-
quires a numerical approach. The DJ code [9],[10] dlows
tolocate bothinlongitudina positionand X —Z azimuth an
arbitrarily large number of jaws (here and below, jaw stands
for a pair of transversely opposite jaws). It isfound more
efficient at the same hardware cost to abandon the use of
circular collimators, anyway approximatted by eight flat
jaws, and to let the location and the azimuth of every jaw
freein the fit. The number of free parameters is therefore
Npar = 2N + 3 = 27 for the equivalent of three circular
collimators(3-8) and three primary jaws, thelast onesbeing
kept horizontal ,vertical and skewed at 45°. The functionto
be minimised can be the radius A,,,.,, of the smallest cir-
cle surrounding the geometrical edge of the secondary halo.
Aqz 1SNot asmooth function and classical minimum find-
ing methods often fail to find a good solution. The simu-
lated annealing method [12] isused instead. Thisagorithm
always find several good solutions, allowing to choose one
which does not create hardware conflicts.

s [m]

; max= 0.195 min=—0.041

290 399 507 616 725

s [m]
01;1 TWT 6 Fj7 ﬂ Ol\
horizontal tune advance

I

Figure 4: IR7 lattice and tune-split functionsfor LHC ver-
sion 5.0, with the IR7 quadrupoles tuned for high positive
tune split, giving A,,... = 8.450. The range of tune ad-
vance (in 27 units) corresponds to the range s € [290, 725].

0.5

Several FODO like opticswere tried for LHC, with dif-
ferent phase modulation pi, — ... Thebetter result A, =
8.4 isobtained for thelargest achievable (1, — p,) inanin-
sertion which has atotal phase advance p, ~ p, ~ 2w
(see Figure 4). Our interpretation of the result is that a
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large phase modulation allowsto catch more of the’ orthog-
onally’ scattered protons (Section 4.4). On this point, see
also [13]. The absolute value of A,,,. is quite good and
anyway better then the optimum reached with the symmet-
ricinsertion of Section 4.4.

6 SCATTERING AND COLLIMATION
EFFICIENCY

The approach used in section 4 and 5 which alows to fit
collimator locationsin agiven optic and to choose between
different optics do not alow to compute the efficiency of
a system. True scattering in matter in both primary and
secondary collimatorsis needed. The complexity of atwo-
stage collimation systemimpliesto use numerica methods.
Even thesimple case of scattering near the edge of ablock
of matter cannot be trested analytically. In this section, we
discuss only dastic interactions. Inelastic interactions are
discussed in Section 8.

Elastic scattering must be coupled to multiturntracking
inthering. Elastic scattering near the edge of a mediawas
treated exhaustively for thefirst time, to our knowledge, by
Andy van Ginneken [14]. Our own code K2 [15] was in-
spired by his ELSIM program. The K2 code is made of
a scattering module, does tracking between collimatorsin
a beam line section described with the MAD format, does
an amplitude analysis and closes aturn if the particle was
not absorbed. To ensure an approximately redlistic distri-
bution of impacts on the primary collimator, the proton is
circulated inside the primary aperture using linear motion
superimposed with a variable transverse drift speed until it
touches a collimator. We gave some emphasis to fast algo-
rithms, to allow for the large statistics needed to compute
high collimation efficiencies.

Halo drift

Halo protons become unstable through transient resonant
states or experience chaotic motion. The detailed mecha
nism of losses might depend strongly on operational con-
ditions of the machine. An average case isused for colli-
mator studies. We use a smooth variable transverse drift
speed v,. We verified that the calculated collimation effi-
ciency do not vary strongly over aquit largerange vy witha
two-stage collimation system, whileit isobvioudly not the
case with asingle stage system.

Tracking in collimator

Whilein Section 3 we considered multiplecoulomb scatter-
ing to show theimportance of edge scattering, nuclear scat-
tering of protonson both nuclei and the nucleonsinside the
nuclei isof similar importance. Thisis shown by comput-
ing aweighted ratio of average scattering angles (mcs and
elastic scattering onindividua nucleons, and using thedata
of Table 4) inaCutarget as

Cu
epp,elastic Upp

N em,cs(l)\abs) olu

inel

=05 (12)

Weonly briefly describe how we parametrise nuclear elastic
processes. Inthisreport, the soft momentum dependence of
some parameters is neither shown or discussed. This will
be the object of a more exhausive document [16]. Nuclear
elastic processes can to avery good degree of precision be
described by an optica model. Theincident wave diffracts
on a grey object of density decreasing transversely with a
Gaussian law. The angular distribution of the distribution
isthe Fourier transform of the density of thetarget, i.e. itis
aso Gaussian. Its standard deviation o(6) isrelated to the
effective radius R, ;¢ of the proton-target compound. The
Lorentzinvariantt = (pf)? isusualy used and the angular
distributioniswritten

do —bt

T oebe (13)
The parameter b isrelated to R, ¢y with
Resr ~0.4b'/2  [fermi, (Gev/c?)?] (14)

and o, isthe eastic cross-section .

A proton can scatter both on nuclel (noted N) and on nu-
cleons (noted ) insidethe nucleus. Protonand neutronsare
trested identically. In additionto eastic scattering, thein-
cident proton do diffractive dissociation on nucleons.

Proton-nucleon elastic scattering

Proton-nucleon (pn) eastic scattering has been much stud-
ied [17],[18]. For our purpose, the approximate differen-
tial cross-section (13) is adequately precise, accounting for
most of the cross-section . From data at 20 Gev/c [19] and
at 175 Gev [20], we deduce that pp eastic scatteringisnot
visibly modified when occuring inside anucleus. In partic-
uliar, notrace of double elastic scatteringisobserved. The
equivalent number of free scatterers, as measured by [19]
can be modelled with a simple geometrical model, consid-
ering that only the nucleons located near the equator in a
plane perpendicular to the incoming proton contributes to
the cross-section . The dependence of the cross-section on
the atomic mass A isfixed by adjusting the thickness of the
contributing layer. We get a number of indivua scatterers
per nucleus

npn = 1.56 A3, (15)

The pn eastic cross-sectionisthen o, (A4) = nppopp ei-
In the TeV range (LAB frame), opp e = 8.5 mband b =~
13 GeV 2.

Snglediffractive dissociation

The single diffractivedissociation processiscloseto elas
tic scattering but the excitation of one of the nucleons, to
amass M larger than the nucleon mass m,, is done at the
expense of arelative momentum lossé, = —Ap/p of the
nucleon stayingintact. The case of theincident proton stay-
ing intact is of interest here. The other case istreated like
aninelasticinteraction (see Section 8). Thevariablesd, and
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M arerelated by (at low-order approximation)

- M? - M?

1) ~
P s 2mnp

(16)

with s the centre of mass energy squared and m,, the nu-
cleon mass. The double differential cross-section can be
approximated by [17]

d20' - Qq bde—bdt
o, dt — 6,

Weuse by = (7/12)bpp.c;, Whileag ~ 0.7mb [17]. The
mass rangeis Me[M,, (0.15s)'/2]. We use the approxima-
tion M, ~ m, ~ 1GeV/c>. With (16), we compute a
momentum range d,¢[M,/(2p), 0.15]. Theintegral cross-
Section iSog pn, = NpnaqIn(0.158) = nynaqIn(0.3p) .

(17)

Proton-nucleus scattering

Tota proton-nucleus (p/N) cross-section are reported in
[7]. They are dmost constant in the few hundred GeV/c
momentum range. ElasticpN (or coherent) cross-sections
are found at the same source, whilethe differential elastic
cross-section arefoundin[20] at 175 GeV/c. Some of these
values are given in Table 4. Non measured values (W) are
interpolated with A'/3 or A%/3 laws, which fit well the data
[20], [16]. A dlight momentum dependence is given to the
datain Table 4. Itisrelated to the pn scattering, which has
aimpact on thetotal cross-section . We consider that the
coherent cross-section cannot rise significantly at high en-
ergy for the nucleusto be aready a black absorber below 1
TeV/c. The formula (13) is adequate to describe the data,
except for very heavy nuclel where secondary and tertiary
diffraction peaks are visiblein data[20]. Thisisexplained
by the blackness of the high- A nuclel up to their edge. But
even for lead (A = 82), the relative integral of the second
peak is only 5% of the elastic scattering cross-section ,
while the heaviest target to be considered in practice woud
be tungsten (A = 74). Numerical values can be found in
Table 4.

Algorithmfor multiple coulomb scattering

In the neighbourhood of the edge of a collimator jaw,
multiple coulomb scattering , which is a quasi continuous
scattering process needs a specia treatment. The obvious
method of doing small stepsis precise but time consuming.
The complete m.c.s. formalism shows that using the corre-
lation factor ppa = /3/2 between theangle and the trans-
verse offset (both following Gaussian distributionsof vari-
ances (3)), an arbitrarily large step can be made without bi-
asing theresult. Theactua step iscomputed asthe distance
a which the transverse offset A = 4A?, . coincides with
the edge of the jaw. This procedure, even if it requiresto
solve a 3rd-order equation at each step is very fast. When
the impact parameter is large enough, the jaw is traversed
in one step, if other interactions do not occur [16].

The large angletail of Coulomb, or Rutherford, scatter-
ing is trested as a discrete interaction. The cross-section

is the integra of the differential cross-section above 6 >
460, .. [16].

mcs

Tracking from collimator to collimator

The protons are transported by standard linear transfer ma-
trices[21]. Drift spaces, bending magnets and quadrupoles
are considered. To alow the use of linear transfer matrix
elements in the relative momentum deviation §,, , a cut-off
ismade at §,, < 1%. Those protons scattered beyond that
momentum are treated like indastic collisions (Section8).

Check of ring aperture and collimator efficiency

Doingan aperturecontrol al a ongtheringisvery timecon-
suming. Step tracking and a detailed and coherent model
of misalignments(magnetic and mechanic) and closed orbit
defaultswould be needed. Whilethiskind of analysisisun-
der work, up to now we checked the combined amplitude of
the proton at the end of the cleaning section. Above a spec-
ified amplitude (in generd close to the effective geometri-
ca aperture of the ring), the proton is considered to have
touched the vacuum chamber and the tracking is stopped.
Below this cut-off amplitude, at each turn the amplitudeis
recorded in aso-called survival plot (see Section 7 and Fig-
ure 5 for an example), which gives the relative number of
proton surviving a given amplitude Fs. Then, off-line, the
betatronic phase-space plotsare analysed. A lower limit of
the longitudina dilution of the losses is given by the ap-
proximative formula

Fy=~1/27p3 (18)
and by using for 8 the smallest of 3, and 3, near the
aperture limitation. This formula is vaid if the dilution
in phase is amost homogeneous (checked with the phase-
space plot). Then the efficiency of the system, for a given
aperture limitation, is

TNring = ES(AM,ng) Fd (19)

Closing a machineturn

A proton surviving theaperture control istransportedin one
step to the beginning of the cleaning section, with alinear
transfer matrix. The sole non-linear effect introducedin K2
is some tune smearing of adjustable range. The actual tune
isdrawn randomly following atruncated Gaussian distribu-
tion at each turn.

7 USING K2FORLHC COLLIMATION

A preliminary calculation of the efficiency of the LHC
cleaning insertion (see Section 5) was made with the K2
code. The primary collimatorswere made of 200 mm long
Aluminium jaws while the secondary collimator jaw are
made of Copper and 500 mm long. The survival plot at
injection energy (Figure 5) indicate that the effective edge
of the secondary halo is close to the amplitude Az = 8,
avalue dightly better than the geometrical edge computed
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Figure5: Thesurvival plotin LHC at injection with the cleaning
insertion described above, see text. In abscissa, the radial beta-
tronic amplitude A,.. Inordinate, thefunction Fs(A,.), normalised
to 1000 eventstouching a primary colimator. Seetext.

Table 6: Expected efficiency of the betatronic cleaning insertion.

p Es Fd n nNbs m
[Tev/c] - [m'] [m ' | [m!]

45 21073 5103 107° | 107° | ~40

7 4107* 51072 21079 | 10~° | ~ 330

by DJ (Section 5). The relative flux of protons F, above
Agee = 8.4isgivenin Table6. Thelongitudina dilution Fy;
of these protons along the ring is computed with (18) using
B = Bm?in,m’c ~ 30 m.

Efficiency marginin thering

The margin factor m in Table 6 iseither

(20)

Comparing (20) to (1) indicates that an effective length
of dilution of the halo after collimation can be defined by
Leff = 77_1.

Another efficiency factor , pg, isrelated tolossesin the
dispersion suppressor which is adjacent to the collimation
system. Protons issued from diffraction dissociation and
lower momentum particles (mostly neutral sones) are swept
out by the bending magnets and are lost locally. The effect
isminimised by the presence of thewarm bending magnets
of the so-cdled dog-leg structure of the collimation inser-
tion[23] but cannot be avoided completely. It limitslocally
the efficiency at top energy.

The margin factor is computed with the largest of n and
nDs-

An earlier smulation (LHC V4.2) was compared to a
simulation with the STRUCT code [24]. Both calculations
agree to better than a factor threefor n.

The margins look comfortably large but high values are
needed. It must be remembered that beam losses are partly
of erratic nature. A spicky timestructure can strongly lower

the margin temporarily. Thering apertureisal so dependent
of the operation. Lowering the aperture of the ring by one
normalised unit near A,.. drops the margin by nearly one
order of magnitude.

7.1 Halorates upstream of experiments

Residual halo rates near experiments are estimated by inte-
grating thefraction of the protonswhich escape the cleaning
areaand are captured by the aperture limitation upstream or
at an experiment. We consider first the case of a so-caled
Roman pot, i.e. an abrupt change of the pipe aperture made
of two half-planes, separated by +n,,: r.m.s beam sizes.
Protons of amplitude A = A,;,, ~ 30 must beinsidea
phase window Ay = = cos™!(npot /Aring) to touch the
pot. Protonsof amplitude A < np, never touch the pot.
With an amplitude distribution dN/dA ~ const above
Agee = 10 (see Section 7), it followsthat out of thefraction
F; of the protonssurvivingthe collimation system, thesub-
fraction F,.; = 0.5Ap/2m =~ 0.33 touches the pot, with
Npot = 15. The overdl rate with nominal LHC parameters
shall therefore be (see Section 2)

hpot = FpotEleoss =3 105 ps_l . (21)

Near experiments installed in a low-beta insertions, both
B (s) and 3. (s) grow to very large values. We can use
Flow—_peta = 1 and therefore (21) becomes njow—beta =
10% ps—!. These rates are comparable to beam-gas |osses
at the same locations. Their impact in terms of muon back-
grounds have been carefully computed [22].

8 INELASTICINTERACTIONSIN DISPERSION
SUPPRESSORS NEAR COLLISION POINTS

Downstream of collision points, most of secondary parti-
cles issued from inelastic interactions are lost in the adja
cent triplet of quadrupolesand in the beam separation mag-
nets[25], but theforward protonsof diffractivedissociation
will be lost where the dispersion grows, i.e. after entering
the dispersion suppressor. Their impact can be estimated in
asimple way. It isshown in [26] that in a section with a
vacuum pipe of fixed radius, the rate of diffractive losses
per unit length along the pipeis n = L aq D’'/D , with
L =103 cm 2571, ag = 0.7 mb, D(s) the local disper-
sionand D' = dD/ds. Inthe high luminosity insertions
of LHC, (D' /D) ez ~ 0.07 and therefore r,q, = 5 10°
m~!s!. Withasteady quenchleve at 11,,,,, = 8105 m~!
s~ , themargin factor ism = 16 and isreduced to m = 6
with theultimateluminosity £ = 2.5103%cm=2s~! . There
islittlechance for the luminosity to grow erratically above
itsdesignvalue. The margin factor istherefore adequate. A
small degradation of the margin must be expected if mag-
net misalignmentsand closed orbit effects aretaken into ac-
count.

9 EXPERIMENTAL WORK

In order to validate the K2 code an experiment was made
in April 1997 at the SPS accelerator. A 120 GeV proton

124



LHC Collimation studies. Coast at 120 GeV

Experimental layout on LSS5

PM1 PM2 PM4
- -

PM3
-

QF51560
QD 51710
F 51810

D 51910
i
/

BRCZI BRCZ2 TPC (x2)

TAC 51732 (V)

Goal: Estimate the rate of protons lost on each collimator as a function
of their relative apertures. Compare with the simulations.

Figure6: Theexperimental layout of the SPS collimation exper-
iment at 120 GeV/c.

beam was made to coast. Itsintensity was N, ~ 10'2p.
The beam was debunched and made to slowly diffusetrans-
versely by injecting some wideband noisein thekHz range
through a damper. The noise level was adjusted to set the
loss rate to 7,55 ~ 5 10%ps~t. Three horizontal colli-
mators, called BRCZ1, 2 and 3in Figure 6, were installed
in a weakly radioactive straight section . They are made
of two opposite 250 mm long Aluminium jaws. The phase
advance between the collimators was ;2 = 90° and
ui—3 = 200°. The length and the materia were cho-
sen to get collision rates of the same order of magnitude
in thethree collimators. A system aiming at highest effi-
ciency (thicker secondary jaws) would have madetherateat
the tertiary collimator too low for reasonabl e conditionsof
measurements. A vertical collimator , made of two 4 A,ps
jaws (stainless stedl), was installed at 11—, = 90° to keep
under control the large amplitude scattered protons.

9.1 Detection of interactions

The most immediate observablewhichisproportional tothe
collisonrateina collimator isthe rate of inelastic interac-
tions. The detection of eastic collisionswould reguire to
install tel escopes in the vacuum chamber and would be &f -
fected by alarge background because of thethick target. I1n-
elastic interactions, on the other hand develop a shower of
which low energy particles escape at large angle.

A detailed simulation with the code GEANT [27] al-
lowed to compute the energy deposition in scintillation
counters (surface 35 cm?, thickness 1 cm) placed near the
collimators . To avoid the saturation of the photomultipli-
ers, the counters were placed 90 cm above the beam line.
The rateright abovethe collimator issmall and growswith
the distance when moving downstream. A broad maximum
is reached at a distance of 65 cm downstream of the cen-
tre of the collimator . Installed at that |ocation the counters
are dmost insensitiveto a position error and the simulated
yiedisY,,, ~ 3 1073, withamaximum rate in operation
Topm = YpmTuoss =~ 3 10°countss™1.

One sampl e of the anal og spectrum to be recorded at the
countersis shown in Figure 7. Minimum ionising particles

Eneray depositon per event of scincllator

Figure 7: The analog spectrum in the scintillator as simulated
with GEANT.
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Figure 8: The raw relative rates measured at the collimators .
Diamonds and upper curve : PRIM, sguares and medium curve :
SEC, triangles and lower curve : TER. Points are raw measure-
ments (for some corrections see text). The curves are the result
of multi-turn tracking and scattering in jaws made withe K2 code.
The wavy structures on the curves are of statistical nature. The
data analysisis preliminary.

traversing the scintilator populate the second peak. Very
low energy electrons and photons converted to photoel ec-
trons populatethefirst peak. To best control the calibration
athresholdfor countingwasfixed near thelower edge of the
second pesk. The counterswere calibrated in a high energy
tertiary muon beam of the SPS fixed target beams.

9.2 Themeasurements and their simulation.

The principleof the measurementsisto set all the collima-
torsat their respective transverse position n;, measured in
normalised units. We use the notation n; for the primary
collimator (PRIM), n, for thesecondary collimator (SEC),
ng for thetertiray collimator (TER) and n,, for the verti-
ca collimator (VERT). The nominal positionsaren; = 6,
ny = 7,n3 = 10andn, = 8. Atthehorizonta collimators
, An; = 1 isequivalent to 0.8 mm. We recorded the rates
of the four counters, varying ny (SEC retraction) by steps
dn = 0.5intherangen ¢ [6, 11].

The origin of the n; scaesisfound by removing all the
jaws except one. Then, its oppositejaw is pushed towards
the beam by small steps, until aspikeof lossesindicatesthat

125



Secandary retraction

Figure 9: The adjuted relative rates measured at the collimators
. The data are adjusted to the simulation (curves) by leaving free
two parameters, seetext. The data analysisis preliminary.

the mobile jaw is more inside the aperture than the fixed
one. The losses are monitored and displayed continuously
with a time integration of ~ 10ms to alow this measure-
ment. The procedure is repeated for all the collimators .
The closed orbit (CO) at the collimator is the average of
the two positionswhen the spike occurs. We estimate the
COerortoo(n) ~ 0.5.

The proportionality between the normalised an the red
position is given by the computed beta functions, with an
error likely to be smaller than 5%. The raw data are pre-
sented in Figure 8. Weran K2 for every set of n; positions.
Many small effects on the data are taken into account. A
non exhaustive list includes the variation of the GEANT
yields Y}, with the distance between two opposite jaws or
with the impact parameter distribution changing with dif-
ferent relative retractions. The absolute loss rate during the
data acquisition time of one set of positions(x 10 s) can-
not be measured with adequate precision. It would rely on
the beam current transformer, which shall have aresolution
of a least I/I ~ 10~* to be useful. The data are therefore
presented as fractions of unity. No relative factors between
collimators were introduced, and only the data relative to
the three BRCZ (which are identical) are compared. The
agreement in both shape and amplitude of the data at the
primary and the secondary collimatorsis quite good. The
tertiary rate on the other hand is quitebel ow the simulation.

To evauate the importance of the discrepancy, we let a
cross-calibration coefficient to vary between thethreerates,
to fit better to the K2 simulation. In Figure 9, the SEC
data are multiplied by fsgc =~ 0.7 and the TER data by
frer = 3. Morework is needed to determine if the dis-
crepancy observed with the tertiary datais of experimental
natureor related to theK 2 a gorithms (whilewe have apref-
erence for thefirst hypothesis).

If the present results are not fully satisfactory from a
physics point of view, on the other hand they are quitegood
inview of thedesign of a collimator system. The measured
rates at the tertiary collimator being smaller than the pre-
dicted ones, the last ones shall be used to compute the ex-
pected efficiency of the collimator system

10 MOMENTUM COLLIMATION

Momentum collimation is not discussed here, but its need
at LHC isestablished (see section 2). The formalism to de-
signaninsertionexists[8], and acase study isgoingon, us-
ing a updated version of the DJ code[10].
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Beam Collimation at Tevatron,
TESLA and Muon Colliders
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Abstract

High performance of a collider is achievable only with
a dedicated beam cleaning system embedded in the lat-
tice. The system prevents quenching of superconducting
magnets, decreases backgrounds in the detectors and pro-
tects accelerator components, the environment and person-
nel againgt irradiation. Realistic Monte-Carlo simulations
are described for design of efficient beam collimation sys-
tems for hadron, electron and muon colliders. Tevatron,
TESLA and high and low energy muon colliders are taken
as the representatives of their classes.

1 INTRODUCTION

Creation of beam halo is unavoidable in any collider.
Beam-beam collisionsat the interaction points (IPs), inter-
action of beam with residua gas, the diffusion of particles
out of the beam-core due to various non-linear phenom-
ena, as well as various hardware and software errors, al
result in emittance growth and eventually in beam loss in
thelattice[1, 2, 3]. This causes irradiation of conventional
and superconducting (SC) components of the machine, an
increase of background rates in the detectors, possible ra-
diation damage, quenching, overheating of equipment and
even total destruction of some units. A very reliable multi-
component beam collimation system is the main way to
control beam loss. It ismandatory at any SC accelerator and
provides[2, 3, 4, 5]:

e reduction of beam lossin thevicinity of IPs to sustain
favorable experimenta conditions;

e minimization of radiationimpact on personnel and the
environment by localizing beam lossin predetermined
regions and using appropriate shielding in these re-
gions,

e protection of accelerator components against irradia-
tion caused by operational beam lossand enhancement
of reliability of the machine;

e prevention of quenching of SC magnets and protec-
tion of other machine components from unpredictable
abort and injectionkicker prefires/misfires and unsyn-
chronized aborts.

Depending on particle type, beam energy and intensity,
machine and detector parameters and performance objec-
tives, the requirements to the collimators vary but the sys-
tems have much in common. This paper describes the cur-
rent approach to the efficient collimation at hadron, elec-
tron and muon colliders, using the Tevatron, TESLA and

Iwork supported by the U. S. Department of Energy under contract
No. DE-AC02-76CH03000

high and low energy muon colliders as the representatives
of their classes. In al cases, the system consists of a set of
primary and secondary collimators, designed onthe basi s of
detailed Monte-Carlo simulations of the source term, par-
ticle tracking through the lattice, showers at the beam loss
spots with thermal and stress analyses and optimizational
studies of the protective measures.

2 TEVATRON
2.1 Scraping BeamHalo

In the early Tevatron days the first collimation system was
designed [1] on the basis of the MARS-STRUCT [6, 7] full-
scale simulations of beam loss formation in the machine.
The optimized system consisted of aset of collimatorseach
about 1 m. When itwasinstaledinthe Tevatron it immedi-
ately made it possibleto raise the efficiency of thefast res-
onant extraction system and the intensity of the extracted
800 GeV proton beam by afactor of 5. The data on beam
lossrates and on their dependence on the collimator jaw po-
sitionswerein excellent agreement withtheMARS-STRUCT
predictions.

We have since refined the idea of a primary-secondary
collimator set and shown that this is the only way to use
such asystemin the TeV region with alength of a primary
collimator going down to a fraction of a radiation length.
The whole system should consist then of a primary thin
scattering target, followed immediately by a scraper with
afew secondary collimatorsat the appropriatelocationsin
the lattice [2, 3, 5]. The purpose of athin target isto in-
crease the amplitude of the betatron oscillations of the halo
particles and thusto increase their impact parameter on the
scraper face on the next turns. Thisresultsin a significant
decrease of theoutscattered protonyield and total beam loss
in the accelerator, avoids scraper jaws overheating and mit-
igates requirements on scraper alignment. Besidesthat, the
scraper efficiency becomes amost independent of accel er-
ator tuning, there is only one significant but totally con-
trollable restriction of the accel erator aperture and only the
scraper region needs heavy shielding and probably adogleg
structure. The method would givean order of magnitudein
beam loss reduction at multi-TeV machines, but even at the
Tevatron we have achieved anoticeableeffect. Theexisting
scraper at Adwasreplaced withanew onewithtwo2.5mm
thick L-shaped tungsten targets with 0.3 mm offset relative
to thebeam surface on either end of the scraper (toeliminate
the misalignment problem). This resulted in the reduction
of thebeam lossrate upstream of both collider detectors[8].

2.2 Beam Collimationfor Tevatron Run Il

A new sophisticated beam collimation system has been de-
signed for the Tevatron Run 11 (Fig. 1). It consists of a set
of primary and secondary collimatorsboth for nomina mo-
mentum and off-momentum halo interception. L-shaped
primary collimators shave the proton and antiproton beams
asshowninFig. 2. Theprotonhal o phase space at thecorre-
sponding secondary collimator isshownin Fig. 3. Ellipses
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Figure 1. Tevatron Run |1 collimators.

represent a6o beam envelope. A verticd lineshowsthelo-
cation of the collimator jaw. After thefirst interaction with
a primary collimator, large amplitude particles are inter-
cepted by the secondary collimatorsat the first turn. Some
fraction survives and will interact with the secondary colli-
matorson thenext turns. Particleswith amplitudes <60 are
not i ntercepted by the secondary collimatorsand survivefor
another 20-30 turnsuntil their angul ar divergence (and ther-
teby the amplitude later) increases in the next interactions
with a primary collimator. Thus, the halo occupies the 60
envel ope with a negligiblenumber of particles outside (see
Figs. 4-5).

5sigma
6 sigma
X, mm
6 sigma
W 1.548
2.592 1.609 |1.609 2.500

Figure 2: Proton beam primary collimator D17(1)

Beam loss distributionsin the Tevatron are presented in
Figs. 6-7 for proton and antiproton directions. Antiproton
collimators intercept 6x10° p/s in the proposed system,
that is five times lower than the proton scraping rate and
results in about five times lower accelerator-related back-
ground in DG and BJ. Beam lossratesin the IRs are 35%
lower if one putsthe secondary collimatorsat 5.5¢, but one
needsto verify that such a0.50 offset isreliable and stable.

"cD173H.0" using 4:5 X
"eD173H.m" --

X', mrad
)
°
@

Figure 3: Horizontal phase space at secondary collimator
D17(3).

2.3 D@ and CDF Forward Proton Detectors

At SC hadron collidersthe mutual effect of theradiationen-
vironment produced by the accelerator and experimentsis
one of thekey issuesin interaction region and detector de-
velopments[9, 10]. The overall Tevatron and DZ and CDF
detector performances are strongly dependent on details of
such an interface. Efforts were made at Fermilab to opti-
mize the D@ and BJ regionswith proposed forward detec-
torsin place for the Run Il era.

Two new forward detectors have been recently proposed
as new sub-detectors of the D@ and CDF collider detectors
for the Tevatron Run |l (seg, e. g.,[11]). These detectors

12
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Figure 4: Proton beam halo in the Tevatron aperture.
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Figure 5: Proton beam halo distribution at D& quadrupole
spectrometer Roman pots positioned at 8.
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Figure6: Beam lossdistributionsinthe Tevatron for proton
direction.
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Figure 7: Beam loss distributions in the Tevatron for an-
tiproton direction.

use the Tevatron magnets along with points measured on
thetrack of the scattered protonto determinethe proton mo-
mentum and angle. They consist of quadrupole spectrome-
ters which tag outgoing protons or antiprotonswith a min-
imum ¢ and a dipole spectrometer which detects particles
with aminimum Ap (see Fig. 8-9). The DG FPD includes
four Roman pot units (with four pots each) placed in the
D@ straight section and two singleunitsinthe C481ocation.
The four units are upstream and downstream of the separa
torswith ‘A’ referring to the outgoing antiproton side and
‘P to the outgoing proton side. Each unit consists of four
square 2x 2 cm? detectors placed in horizontal and vertical
planes on each side of the beam. The C48 unitsare placed
on inside the orbit of the beam. The Roman pot positions
are adjustablein the z or y directionsand can be moved ac-
cording to the beam halo conditionsin the Tevatron.

Calculations of both D@ and CDF forward detector ac-
ceptances were done via tracking of particles gected from
the IP with various momenta and angles for severa con-
figurations. The cal culated vaues are quite acceptable and
naturally go down with the Roman pots at larger distancies
from the beam axis.

Reslistic simulations of beam loss formation in DJ and
B@ with beam collimation system and forward proton de-
tectors in place followed by full simulations of induced
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Figure 8: 80 proton beam envelopesin D@ . Roman pot
locationsare shown asromAS, romAQ, romPQ and romPS.
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Figure 9: 80 proton beam envelopesin B& . Roman pot
locations are shown as P1-P5.

hadronic and electromagnetic cascades were performed
withthe MARS-STRUCT code system[6, 7]. It turnsout that
the accelerator related background in the collider detectors
originates from beam halo loss in the Tevatron and FPD
components within +50 m of the IPs. The limiting aper-
tures arethe (,,,,.-region and the Roman pots placed at 80
(DY) and 100 (BY).

Some halo particles can pass through the Roman pot de-
tectors several timesinducing excessive hit ratesin the pots
themself and in the main B and D@ detectors. Calcula
tions show that beam loss and hit rates are decreased by
a factor of two by moving the Roman pots a D@ from
80, t0 90,.. The price one pays is decreased FPD accep-
tance. Therefore, the Roman pot positionswill be chosen as
a compromise between the main detector background and
the FPD acceptance.

Typical resultsfor charged particlefluxesinthe Tevatron
tunnel and in the DG forward muon system are shown in
Fig. 10. A ratio of hit rate in the forward muon chambers
with FPD to that without FPD is calculated to be 4.5 for
pots at 80 and 1.5 for potsat 9o, implying atota incresse
in background rates of at most 15% and 5%, respectively.
The situation is rather similar for the central detector.
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Figure 10: Particle flux distributionsin the D@ region for
charged hadrons, €l ectromagnetic showers, and muons.

2.4 Proton Beam Removal from the Tevatron

Another implementation of the Tevatron collimation sys-
tem is proton beam remova. This implies aborting the
proton beam before deceleration while leaving antiproton
beam for recycling. There are two main restrictions to the
fast high intensity beam removal using an internal collima-
tor: SC magnet quenches caused by the secondary parti-
cles from the collimator and target-collimator overheating.
The quench level of the Tevatron magnetsat 1 TeV isabout
3x 108 p/m/swhich correspondsto ~ 50 W/m.

With the Main Injector, the EZ straight section will be
free of the magnets used for beam injection into the Teva-
tron. Withthelast 15 m of the E& straight section reserved
for the SC RF, the first 35 m can be successfully arranged
for proton beam removal (Fig. 11).
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Figure 11: Dog-leg system for proton beam removal at the
EQ straight section.

The purpose of collimation at beam removal isto protect
the SC magnetsdownstream of the straight section. Two 2.5
mm thick targets are attached to both ends of the collima
tor with a0.3 mm target-collimator offset. They are used as
primary collimators. The collimator-target assembly is po-
sitioned at 70 and isthelimiting aperturein the accel erator.
Thissystemisin principal an example of atwo-stage colli-
mation system, but primary and secondary collimators are
at the same location. This makes it possibleto concentrate
both sources of particle loss in the same dog-leg system.

Four warm bump-magnets are used to protect the Teva
tron magnets against neutrals and low-energy charged par-
ticlesfrom the primary collimator. Two 1.5 mlong L-shape
secondary collimatorsplaced at 9 o downstream of thedog-
leg at the entrance to the cold region intercept most of these
particles. Such a system tremendously decreases particle
loss downstream of the E& straight section by intercepting
most of low energy particles emitted from the primary col-
limator. Tevatron closed orbit correctors are used to move
the beam towardsthe target. Monte-Carlo simulations[12]
show that the total proton intensity of 103 ppp can be re-
moved from the Tevatron without magnet quenchesin 100
seconds using the EG collimators. The maximum temper-
ature rise in the target-collimator will be about 40°C for a
spill duration > 1 second.

3 TESLA

At the TESLA ete linear collider (2x10'# particles per
second a E=250 GeV), the loss of a small fraction of the
beam a ong the | attice can have a drastic effect on the ma-
chine and detector components performance and survival.
The collimationsystem [13] isintended tolocalize thebeam
loss in a specia section of the beam line. The peculiarity
of an electron-positron linear collider collimation systemis
that halo must be cleaned out during one pass of the beam
through the collimation system. In addition to this, the de-
tector must be protected from synchrotron radiation emitted
by the core of the beam and halo. Because of that, the sys-
tem should consist of alarge number of longitudinally dis-
tributed collimators. The philosophy of the TESLA beam
collimation systemisto use large aperture quadrupoles and
collimatethe beam at thelargest amplitudesin order to min-
imize muon background produced by the collimators.

X
7 Q3| |4 Q4| | Qs
~_ 1
12 sigma

Figure12: Principleof the TESLA collimation system.
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Figure13: Schematic view of the TESLA beam collimation
system.

The beam collimation system design is driven by the
requirement that synchrotron radiation generated in the
doublet upstream of the IP should pass freely through the
aperture of the final focus (FF) quad to the opposite side
(Fig. 12). This means a collimation of the “sine-like” tra-
jectories (withrespect to IP) at 120 inthe z- and 480 in the
y-planes. The system consists of four frame shape titanium
spoilersand four copper absorbers. The spoilersarelocated
a 8o, and 320, and a 2% of the momentum deviation in
aregion with large horizontal and vertical 5-functions and
maximum dispersion (Fig. 13).

Thefirst two spoilersare placed at a phase advance of 7
between them to intercept the “sine-like” trajectories. The
second pair of thespoilersisplaced at aw/2 phase advance
downstream of thefirst pair and interceptsthe*cosine-like’
trgectories. Collimation of both phases becomes necessary
because of the magnets inserted between the collimation
section and the FF. The off-momentum trajectories which
are purely sine-like at the IR, can thus be (fully or partially)
cosine-like a the entrance to the collimation section. Such
a collimation system eliminates beam loss in the detector
and decreases the synchrotron radiation emitted by halo in
the last doublet by a factor of 3x10°.

Thissystem interceptsthe particleswithamomentum de-
viation close to the equilibrium, but large momentum devi-
ation particlesspoil the picture. Toimprovethat, the second
stage of collimation is embedded into the high-£ region of
the FF ~200 m upstream of thel P (Fig. 14). Thisissituated
k7 in phase advance from the last doublet, that is suitable
for the“sine-like” trgjectory collimation in both horizontal
and vertical planes. Electron and synchrotron radiation|oss
distributionsin the TESLA beam lineare shown inFig. 15-
16 without and with halo collimation.

(second stage of
collimation)

collimation
system error final focus beam
(first stage) big bend compensation system dump

detector

beam
dump

Figure 14: TESLA beam delivery section.

The second stage of halo collimation gives additional
safety in suppressing the background from large amplitude
particles which can escape from the first stage or can be
produced by beam-gasinteracti ons between the collimation
section and the FF. It is independent of the phase advance
between the first stage and the IP. This gives a possihility
for future modifications of different parts of the beam de-
livery section without influence on the collimation system
efficiency.
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4 MUON COLLIDER

High background rates in the detectors are one of the most
serious problems on the road towards a high-luminosity
utp—collider [14, 15]. It was shown at an early stage[16]
that detector backgrounds originating from beam halo can
exceed those from decays in the vicinity of the interac-
tion point (IP). Only with a dedicated beam cleaning sys-
tem far enough from the IP can one mitigate this prob-
lem[17]. Muons injected with large momentum errors or
betatron oscillations will be lost within the first few turns.
After that, with active scraping, the beam halo generated
through beam-gas scattering, resonances and beam-beam
interactions at the | P reaches equilibrium and beam losses
remain constant throughout therest of the cycle. Two beam
cleaning schemes are possible: beam halo extraction with
an electrostatic deflector and standard collimation.

Horizontal Horizontal
Lambertson Lambertson
Horizontal Horizontal
ES ES
 —  m—

circulating beam == —

= = [=] —
Vertical Vertical
ES ES

Vertical Horizontal Horizontal Vertical
Lambertson Lambertson Lambertson Lambertson

Figure 17: Schematic view of a u*p~collider beam halo
extraction.

4.1 Beam Halo Extraction

A 3-m long electrostatic deflector separates muons with
amplitudes larger than 30 and deflects them into a 3-m
long Lambertson magnet, which extracts these downwards
throughadeflection of 17 mrad (Fig. 17-18). A vertical sep-
tum magnet isused in the vertical scraping section instead
of the Lambertson to keep the direction of the extracted
beam down. The shaving process lasts for the first few
turns. To achieve practical distances and design apertures
for the separator/Lambertson combinations and minimize
muon interactionswith the el ectrostatic deflector wires, the
B-functions must reach a kilometer in the 2-TeV case, but

20m

E=60 kV/icm
beta =1000 m

om
10m

E =2000 GeV
gamma = 18929
r.m.s. emittance = 50 mm. mrad

B=15kG

Lambertson magnet
beta=1000m >
Wmm)

4 sigma (6.5 mm)
Figure 18: Extraction of muon halo.

=

Y'=4.5 mrad

X'=0.0636 mr:

\ electrostatic septum

closed orbit

only 100 m at 50 GeV. The complete system consists of a
vertical scraping section and two horizontal ones for posi-
tive and negative momentum scraping (the design is sym-
metric about the center, so scraping isidentical for both p+
and . ~). Thehaloisawaysextracted downintothe ground
downstream of the utility section (US).

In the length between one high-3 region to the next,
halo muons are sufficiently separated from the circulating
beam to be cleanly extracted by a Lambertson magnet. Ex-
tracting large-amplitude and off-momentummuonsdramat-
ically decreases beam lossin theIR. Cal cul ations show that
83% of the halo is extracted from the collider over the first
few turns. About 30% of the beam halo passes through the
electrostatic deflector wires. These muons loose on aver-
age 0.6% of their energy and are lost at the limiting aper-
turesalong the collider, mostly in thefirst 70 m after theUS
(see Fig. 19). About 4% of the halo muons just get an an-
gular (amplitude) kick without noticeable momentum loss
and arelost in the IR resulting in detector background. As-
suming theinterception of 1% of thecirculatingbeam inthe
beam cleaning process, 8x10% muons are logt in the final
focus quadrupoles (just afew meters from the IP) over the
first few turns after injection. After that, the scraping sys-
tem becomes very efficient as beam halos are regenerated
by beam-gas and beam-beam scattering, ground motion and
resonances.
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Figure 19: 50 GeV muon beam loss distributions for the
beam halo extraction. 1% of the beam intensity is inter-

cepted.

4.2 Beam Halo Collimation

An alternative scheme isto collimate the halo using a solid
absorber (Fig. 20). Our studies[17] showed that no ab-
sorber, ordinary or magnetized, will suffice for beam clean-
ing a 2 TeV; in fact the disturbed muons are often lost in
the IR. At 50 GeV, on the other hand, collimating muon
halos with a 5-m long steel absorber (Fig. 20) in asimple
compact US does an excellent job. Muons loose a signif-
icant fraction of their energy in such an absorber (8% on
average) and have broad angular and spatia distributions.
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Figure 20: Scraping muon beam hao with a 5-m steel ab-
sorber.

Therefore, almost &l of these muonsare lost in thefirst 50-
100 m downstream of theabsorber asshowninFig. 21, with
only 0.07% of the scraped muonsreaching the low-3 quad-
rupolesinthe IR. Thisis 60 times better than with the halo
extraction scheme at 50 GeV. At the same time, the peak
beam lossin SC magnets downstream of the USissix times
higher compared to the halo extraction (Fig. 21). Without
halo scraping, afull 1% of thebeamislostinthelR,i.e., the
collimation system reduces beam lossin the IR by amost a
factor of 1500. One percent of the steady-state beam loss
on the collimators results in atotal of 1.4x107 muons lost
in thelow-5 quadrupoles during the cycle. The collimators
could, in fact, be placed in the matching sections on either
sideof thelPleavingthe USfor injection and extractionand
reducing the overall accelerator circumference.
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Figure 21: 50 GeV muon beam loss distributions for the
beam hal o collimationwith theinternal absorber. 1% of the
beam intensity isintercepted.

5 CONCLUSIONS

Beam losses in hadron, e ectron and muon colliders can be
reliably controlled with a dedicated multi-component col-
l[imation system. Beam induced deleterious effects on the
machine and detector componentsand ontheir performance
are significantly mitigated via careful optimization and de-
sign of the beam collimation system parameters.
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A PROPOSED TEVATRON COLLIMATION SYSTEM FOR COLLIDER
RUN [

M. Church, Fermilab®, PO Box 500 Batavia, IL, 60510

Abstract

The hardware, software, and procedures used for beam
halo scraping in the Tevatron at the beginning of a
colliding beam store must be improved for Run Il in order
to reduce losses a BO and DO to a level the Collider
experiments can tolerate. In addition, during Run 1b the
typical scraping procedure took about 20 minutes at the
beginning of each store -- sometimes much longer if there
was an emittance blowup during acceleration, incorrect
tunes, large orbit distortion, or some other anomalous
condition.  This paper describes a new, automated
Tevatron beam collimation system which is currently
being built. This system is intended to scrape the beam
halo at the beginning of each store quickly and in a
systematic manner.

1 LAYOUT AND PRINCIPLE OF OPERATION

In Collider Run Il atwo stage collimation system, already
pioneered a SPS and HERA [1,2], will be used. A
primary collimator (target), made from a movable, thin
heavy metal piece, 5-10 mm thick, acts to scatter the
particles in the beam halo. Secondary collimators,
consisting of 1.5m long stainless steel absorbers, are
located at suitable phase advances downstream of the
target to intercept the scattered particles. The target and
the secondary collimators are L-shaped and can intercept
particles with both large horizontal and large vertical
amplitudes. Thetarget is moved to within about 50 of the
beam centroid. The scattered particles are efficiently
intercepted by secondary collimators moved to about 8o
from the beam centroid. The current design [3] has the
proton target located at D17(1) and three secondary
collimators located at D17(3), D48, and AO(1). The
antiproton target is located at AO(2) with three secondary
collimators at F48, D48, and D17(2). The collimator at
D48 is used for both proton and antiproton halo scraping.
The choice of position of these collimators is dictated by
the available space in the ring, the helix separation, the
beta functions, and the phase advances from target to
secondary collimator. In addition, there will be three
collimators located at EO to be used for removing the
proton beam at the end of the store. These three
collimators can also be used for beam halo scraping, and
will use the same controls architecture. Calculations to

*Operated by Universities Research Association, Inc. under
contract with the U.S Department of Energy.

optimize the locations of the collimators have been done
using the STRUCT [4] and MARS[5] codes.

2CONTROLS

Figure 1 is a block diagram of the controls system for a
single collimator. Each collimator station will be
controlled by an MVMEL162 processor running
VXWORKS in a VME crate located in a nearby service
building. Primary collimators will have a single motor for
vertical motion and a single motor for horizontal motion.
Secondary collimators will have two motors in each
dimension to control upstream and downstream positions
independently. The stepping motors (200 steps/turn) will
be geared so that the collimator can be moved a a
maximum speed of [R.5cm in 10 seconds, which is
approximately the distance from the full out position to
the beam axis. This gearing will yield a minimum step
size of 12um, which is never larger than about 1/20th of
the beam sigma. Position readback is provided by
LVDT'’s (Linear Variable Differential Transformers) -- 4
per secondary collimator and 2 per target. Limit switches
will protect hardware from damage. Local fast feedback
for the motion control, operating at 720 Hz in the CPU,
will be provided by 4 standard TEV loss monitors. These
are gas filled ionization chambers, and there will be 2
upstream and 2 downstream of each collimator for
redundancy. Stepping motors, loss monitors, and LVDT's
will be interfaced to the CPU via 3 IP's (Industrial Packs),
and cabling will be handled by a Fermilab-designed
daughter  board. Communication with ACNET
(Accelerator Controls Network) will be via Ethernet. Up
to 4 systems can beinstalled in asingle VME crate.

3MATERIALS CONSIDERATIONS

For normal operations (beam halo scraping) the energy
deposition in the collimators and targets is very small and
does not cause any damage or overheating in the
absorbers. However, in an accident scenario, where the
entire beam (102 protons) is dumped into a collimator on
asingle turn, the instantaneous energy density is very high
and is capable of damaging some materials. In particular,
experience with the Fermilab Antiproton Source
production target [6] has shown that tungsten can be
damaged by shock wave effects at energy densities as low
as 200 Jg. In addition, tungsten collimators installed in
the proton ring at DESY were found to have scoring on

134



Stepping Motor —
P.S o
ol 12 N
8 =
O Ll
MADC o =
b= >
(K 5 =
LVDT A
Signal -
Conditioner —
[ o
BER —
|_— L
ACNET
rmpHempHampl-fmp =
MADC

o e i
E Collimator { E

Motor Motor

Figure 1: Block diagram of controls for one collimator station

the absorber faces after extended operation. This makes
tungsten an unsuitable choice for the Tevatron collimation
system targets. In the Antiproton Source production
target copper and nickel have been shown to hold up well
after repeated energy depositions of over 600 Jg. With a
density of 8.9 - 9.0 g/cm3, these materials are reasonable
choices for a primary target. One would like to choice the
most dense material available for the primary targetsin a
collimation system and <till avoid damage. For the
secondary collimators, a less dense material is more
suitable -- if the absorber is too dense, the particles are
scattered out of the absorber before being absorbed.
Stainless steel appears to be an adequate choice for the
secondary collimators, and is probably about as robust as

copper and nickel in resisting damage under conditions of
large instantaneous energy depositions.

4TENTATIVE SCRAPING ALGORITHM

Each collimator is controlled localy by its own front-end
with feedback from local loss monitors and position
sensors (LVDT’s). The beam halo scraping procedure
will be initiated and sequenced by a console application
program, which can download critical parameters to each
collimation station, initiate scraping, and wait for
completion. A two step procedure is probably adequate.
First, all the collimators are simultaneously requested to
move in to a position near the beam (about 10 0). Thisis
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done under protection from the local loss monitors. Then
each collimator is moved one at atimeto its fina position
near the beam. This is aso done under protection from
the local loss monitors, and the final positions are
determined by the loss rates from the local loss monitors.
This second step can be repeated if the losses at BO and
DO are still too high. Fine tuning of this algorithm will
necessarily be done under real operating conditions. It is
envisioned that the entire beam halo scraping procedure
can be completed in 2-3 minutes.

5 STATUSAND PLANS

The new controls system is designed, and a prototype
system is currently being assembled for testing in the lab
using an old collimator stand. Calculation of optimum
collimator location has gone through several iterations,
and the current plan is thought to be final. Front-end code
and the application program (user interface) are yet to be
written. The schedule calls for the installation of the three
collimators at EO before the next Tevatron startup, and
installation of the remaining collimators before the start of
the next Collider running period
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A Study of Betatron and Momentum
Collimatorsin RHIC

D. Trbojevic, A.J. Stevens, and M. Harrison
Brookhaven National Laboratory, Upton, NY, 11973, USA

Abstract

Two separate accel erator ringsinthe Relativistic Heavy lon
Collider (RHIC) will provide collisions between equa and
unequa heavy ion species up to the gold ions, including
the two polarized proton beams. There are six interaction
points with two regions with 5*=1-2 m occupied by the
large detectors PHENI X and STAR. Thetransverseand lon-
gitudina emittances of the gold ionsare expected to double
in size between one to two hours due to intra-beam scatter-
ing which may lead to transverse beam loss. Primary beta-
tron collimators are positioned in the ring where the beta-
tron functions have large values to alow efficient removal
of particleswithlarge betatron amplitudes. Inthisreport we
investigated distributions and |osses coming from the out-
scattered particles from the primary collimators, as well as
the best positions for the secondary momentum and beta
tron collimators. Additional studies of the detector back-
ground due to beam halo and other details about the colli-
mation in RHIC are reported elsewhere (ref. [1] and [2]),
while more information about the momentum collimation
was previoudly reported in ref. [10].

1 INTRODUCTION

Collisions of equal or different heavy-ions occur at six
interaction regions (IR). Two IR are designed to be a a
lower 5*=1-2 m to provide luminosity of the order of
£=10*"e¢m~2s~! for gold on gold collisions. Two large
detectors, STAR and PHENIX, are located at the high lu-
minosity regions. The strong focusing triplet quadrupoles
at opposite sides of interaction points (1P) are the limiting
apertures due to the large betatron amplitude functions of
the order of 3 ~ 1500 m.

Table1: MAJOR RHIC PARAMETERS

Kineticenergy, Au | 10.8 - 100 GeV/u
Kineticenergy, p | 28.3- 250 GeV/u
Number of Bunches 60
Circumference 3833.845m
Number of IP 6
Betatron Tunes 28.19/29.18
Max Dipole Field 345T
Max quad gradient 71.2T/Im
Arc magnet coil 1D 80 mm
Triplet coil ID 130 mm

The major RHIC parameters are presented in table 1. The
six dimensional emittance of the heavy ion beams is ex-
pected to double in size due to intra-beam scattering be-
tween one to two hours. Particle amplitudes can also grow

due to other effects like beam gas interaction, beam diffu-
sion due to the nonlinear beam dynamics etc. The ampli-
tudegrowth could resultinabeam lossat limiting apertures,
like the triplet magnets close to the large detectors, which
results in a significant background. A limiting aperture of
the collimator can reduce the background. The primary be-
tatron collimator has to be able to remove particles with
large amplitudes. As reported earlier [1] the background
flux ¢ in adetector can be written as:

¢=N-(1—¢)-P-F, (hitscm s %) D

where Nisthenumber of particles per unittime onthecolli-
meator, (1-¢) isthecollimator inefficiency, P isthefraction of
the outscattered ionsinteracting in the ”local” triplet mag-
nets upstream of the detector, whileF isthe secondary parti-
clefluence per locally interacting particle. Thisreport stud-
ied the distribution of scattered particles from the primary
collimators and their propagation throughout the RHIC ac-
celerators - an estimation of the factor P in the above equa
tion. More information about eval uations of the collimator
efficiency (factor (1-€)) and the hadron cascade cal culation
factors (factor F) isreported in [1]. Thefirst part of there-
port (section 3) isabout theinitia conditions: particle' sdis-
tributionsat the primary collimatorswhich are input for the
tracking studies. In the second part (section 4), particledis-
tributions of the survived outscattered particles around the
rings in both transverse and longitudina phase spaces are
shown. In the next part of thereport (sections6 and 7) dis-
tributions of the lost particles around the ring are shown.
The optimum location for the secondary betatron and mo-
mentum collimator are reported.

2 PRIMARY COLLIMATORS

Positions of the primary collimatorsin the two RHIC (blue
and yellow) rings are set downstream of the large PHENIX
detector at |ocationswithhigh g value. Theefficiency of the
betatron collimator improveswith higher valuesof thebeta-
tron amplitude function. The best possiblelocationsin the
RHIC | attice are about 5-6 m downstream of thehigh focus-
ing quadrupoleswhere 3 ~1100 m. An illustration of halo
particlesencountering alimited aperture of theprimary col-
l[imatorisshowninFig. 2. Theheavy ionbeamsinRHIC, as
gold 7 Au'97, are expected to have a very fast emittance
growth due to intra-beam-scattering (IBS) (0 ~ Z*/A?).
Particlesin the bunch exchange longitudina and transverse
momenta by Coulomb scattering. A transverseha o may be
created by particles escaped from the rf bucket. The initial
bunch area grows for amost one order of magnitude due
to the IBS and the transverse emittance is expected to grow
from theinitia value a injection of e=10 7 mm mrad after
few hours of store up to e=40 = mm mrad. The halo growth
in this study, as we aready reported [1] is simplified by a
diffusion process which was based on measurements in the
SPS [6] and [7]. The amplitude growth A is presented [1]
as:

SA = 2.45-0-ela79), )
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Figure 1: Illustration of halo particles encountering alim-
iting aperture collimator. Optima collimation is achieved
for orbits paralel to the face of the collimator.
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Figure 2: Resultsfor asingle pass scraping Inefficiencies

where ¢ = /¢/67 B, the normalized emittance is la-
beled as ¢, and v are the relativistic factors. The dynam-
ical aperture of RHIC in the gold ion store was previously
[3] estimated to be at the beginning of the store 8 o while
at the end of the 10 hours store 5 0. The amplitude growth
presented above assumed [1] the dynamical aperture of 4.
The upstream edge of the collimator is set a 5.5 o with a
dopewhich correspondstothe betatron functionslope. Par-
ticleswhich reach thefront edge of the collimator aretrans-
ported through the 0.45 m long collimator by a computer
code ELSHIM written by Van Ginneken [4]- [5]. The col-
limator material isassumed to be nickel-copper compound.
The emittance of the heavy-ions (gold) isassumed to be 40
« mmmrad, and 20 7 mm mrad for the protonbeam. A sin-
gle pass scraping inefficiency as afunction of alignment for
the gold ionsand protonsis shown in Fig. 3.

3 INITIAL CONDITIONS

Theinitia particledistributionsare created by particle'sor-
bits which emerge from the collimator without having in-
elastically interacted with the collimator. Fig. 4 represents
theinitial distribution of outscattered gold ionsin the hori-
zontal phase space at the primary collimator. The angle of
the scattered ionsis very narrow. Fig. 5 represents the ini-
tial outscattered particle distribution in the vertical phase
space at the primary collimator. The momentum distribu-
tion of the scattered particlesfrom the collimator shows (see
Fig. 6) that a large number of particles have momentum
offsets much larger than the projected RHIC bucket size at
storage o, = 0.2%. A distribution in the horizontal phase
space of the outscattered protonsfrom the primary collima-
torsisquitedifferent with respect to aready presented gold
ion distributions. The major difference are significant num-
ber of the outscattered protonswith opposite-positiveangle
of the primary collimator (see Fig. 7). Figures 7 and 8
present theinitial proton distributionsinx-x’ andy-y’ phase
space, respectively.

Initial Distribution at the Primary Collimator
B=1m @ 6 and 8 o'clock, 10 m at the rest
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Figure3: Initial distributioninx-x" phase space of goldions
outscattered from the primary collimator
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Figure4: Initia distributioniny-y’ phase space of goldions
outscattered from the primary collimator.
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Initial Distribution dp/p-x at the Primary Collimator
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Figure 5: Initial momentum distribution of gold ions scat-
tered from the primary collimator versus horizontal posi-
tion.

4 PHASE SPACE DISTRIBUTION OF THE
SCATTERED PARTICLESAROUND THE
RINGS

Theinitia particledistributionisused asinput for the track-
ing program TEAPOT [8]. The tracking was performed
with the systematic and random multi pol eswithinthe quad-
rupol es and dipol es obtai ned from the measurement data, at
the top energy of 100 GeV/nucleon for gold or 250 GeV for
protons and for 256 turns. The misalignment and roll er-
rors were obtained from the surveying data. The rms val-
ues for misalignment of the arc quadrupoles were Ax,y ~
0.5 mm and A9=0.5 mrad, whilefrom the measurements of
the triplet quadrupolesthe roll and misalignment errors for
therms values were A9=0.5 mrad and Ax,y=0.5 mm.

4.1 Longitudinal Phase Space

During tracking the RF voltage was included and the lon-
gitudinal motion of the surviving particles was monitored.
Particles with momentum offsets within the bucket size
limit executed synchrotron oscillations. Particles projec-
tions in the longitudinal phase space show in Fig. 9 that
only particles within the bucket survive. Only few parti-
cles, which survived all 256 turns, finished almost one syn-
chrotron oscillation. Thisisin accordance to the value used
in tracking (synchrotron frequency used in the TEAPOT
f=300 Hz) of ~260 turnsfor thefull synchrotron oscillation.
(It should be noted that the correct gold ion beam storage
synchrotron frequency in RHIC is 326 Hz).

4.2 Transverse Phase Space Distribution

The transverse positions of the scattered particles on the
first turn show that most of the particleswith large momen-
tum offsets are lost around the first bending elements. Par-

Initial Distribution of Protons at the Primary Collimator
Input for tracking 512 particles
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Figure 6: Initial distributionin x-x’ phase space of protons
outscattered from the primary collimator

Initial Distribution of Protons at the Primary Collimator
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Figure 7: Initial distribution of protonsin y-y’ phase space
outscattered from the primary collimator

ticles outscattered from the primary collimator could con-
tinue to make few or more turns around the accel erator.
Their distributionsin the horizontal phase space at aloca
tion ~30 m downstream of the primary collimator is pre-
sented in Fig. 10.

5 THE SECONDARY COLLIMATORS

Particles outscattered from the primary collimators could
not only increase the beam halo due their large amplitudes
but they can create secondary showers towards detectors
due to their interaction with the walls of the limited aper-
turesof the upstream tripl et quadrupolemagnets. The func-
tion of secondary collimators is to reduce the beam halo
around experiments further. If the primary collimator jaws
were set a 5.5 o from the central axis it is preferable to
have the secondary collimators retracted at 6.5 o at least
one ¢ further than the primary one. The secondary colli-
matorsin RHIC would haveto fulfill their purposefor both
outscattered particles heavy ions (gold ions) as well as the
protons. Asit iseasy to seefrom Fig. 7 thelarge number of
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Figure 8: Longitudinal tracking

outscattered protonsfrom the primary collimator have pos-
itive slope of the horizonta betatron function. To remove
these particles, the preferable phase differences between the
secondary betatron collimators and the primary ones, are
[9] A¢p ~ 15 — 30° or A¢ ~ 185 — 210°. The heavy
ions, asit ispresented for thegoldionsin Figures 4 and 5,
interact with the collimator’s jaws differently. The prefer-
able phase differences between the secondary and the pri-
mary betatron collimatorswhich removethelargest amount
of both outscattered protonsand goldionsfrom the primary
betatron collimators, are: A¢ ~ 150 — 165° or A¢p =~
330 — 345°. We determined the optimum positionsfor the
secondary collimators by studying the outscattered parti-
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Figure9: The outscattered particle sdistributioninthex-x’
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Figure 10: Optimum position of the secondary collimator

cles' phase space distributionsaround the ring. We studied
al three: x-x’, y-y’, and x-dp phase space distributions. As
we already emphasized, the beam halo in thegoldion store
iscreated by the IBS, when the high momenta particles es-
capetherf bucket. A previousstudy [10] has shown prefer-
able positionsinthe RHIClatticefor the” momentum scrap-
ers’. We will show that our most preferable positions for
the secondary betatron collimators coincide with the most
desirable positions of the "momentum scrapers’. Particle
distributionin the horizontal betatron space isshown inthe
normalized phase space. The normalized phase spaceisde-
fined by the Floquet’ transformation [11] as:

=2 and x=1